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ANNOTATION 


This collection of articles includes works which are 
concerned with the experimental and theoretical investi- 
gation of the biological shielding of nuclear reactors as 
well as works on the methodology and instruments for study- 
ing the shielding. 


The works consider different analytical methods which 
make it possible to determine the three-dimensional energy 
and angular distribution of radiations in the shielding, 
the results of many experiments with radiations penetrat- 
ing through homogeneous and multilayer shieldings through 
shieldings with heterogeneities and others. 


Some of the works describe various devices to deter- 
mine the fluxes and the spectral radiation distribution 
beyond the shielding and inside the shielding. These 
works also consider the method of analyzing the character- 
istics of devices and the process of measurement results. 


This collection will be useful to a wide circle of 
readers concerned with the analysis and design of bio- 
logical shielding of reactors and to specialists interested 
in the transmission of radiations through a substance, as 
well as to those working in the field of experimental 
nuclear physics. 
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PREFACE 


The collection of articles presented to the attention of the reader covers 
the works of Soviet authors dedicated to the theoretical and experimental in- 
vestigation and analysis of reactor shielding against penetrating radiation. 


Practical requirements arising in connection with the intense application 
of atomic energy in various branches of engineering make it necessary for us 
to study an ever-increasing group of problems on the penetration of radiation 
into matter and the development of more accurate methods of analysis. This 
is particularly important in the construction of nuclear installations of 
small dimensions. For this purpose it is insufficient to study only the basic 
characteristics of protected materials--relaxation length, absorption coeffi- 
cients, removal cross section, buildup factors for an infinite medium. It 
becomes absolutely necessary to have more detailed information on the energy, 
angular and three-dimensional distribution of radiations in infinite and in 
bounded media. Necessary data of this type can be obtained only by using 
new experimental devices and new methods of analysis. The works included 
in this volume are basically concerned with the investigation of such detailed 
characteristics of shielding and the description of experimental methods. 


The entire material in this volume is divided into three parts: theory 
and method of analysis; experimental investigations and the descriptions of 
new experimental methods. The last division also includes articles which 
present results on the investigation of the properties of concretes. 


This arrangement of the material is arbitrary to some extent, because 
some of the articles in the first division also contain descriptions of ex- 
periments used to obtain certain constants necessary for analysis, as well 
as data on the limits of application of the design methods and their accu- 
racy. On the other hand, the experimental articles of the second division 
have been called upon to refine the methods of analysis. 


The collected works start with the article by A. A. Abagyan, V. V. Orlov 
and G. I. Rodionov, which proposes a method of analysis based on the utiliza- 
tion of conjugate equations and functions and the theory of perturbations in 
shielding theory. The effectiveness functions of various materials in 
shielding, whose method of calculation is presented in this work, may be 
utilized for selecting the optimum shielding compositions. The same problem 
of applying conjugate equations to the analysis of shielding from radiation 
is considered in the article by G. I. Marchuk and Zh. N. Bel'skaya. 


The work of Sh. S. Nikolayshvili, which is concerned with the analysis 


of the three-dimensional energy distributions from sources of monoenergetic 
neutrons in hydrogen, presents the basic quantities necessary to solve certain 
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practical problems. For example, by utilizing the neutron distributions in 
hydrogen, as computed in this work, and the known values of the "removal cross 
section" of various elements, we can carry out the analysis of three-dimensional 
distributions of neutrons in homogeneous and multilayer hydrogen contained in 
shields. 


Although the analysis of neutron distribution in hydrogen contained in 
shieldings has been covered in many earlier works, the methods of designing 
shieldings which do not contain hydrogen have been developed to a lesser degree. 
The analytical methods and methods for determining the values of constants ap- 
lied in the analysis of such shieldings are considered in the works of D. L. 
Broder, A. A Kutuzov, V. V. Levin and V. V. Frolov, in the works of B. I. 
Sinitsyn and S. G. Tsypin and in the work of B. R. Bergel'son. The problem of 
analyzing shieldings which do not contain hydrogen or which contain it in 
small quantities, which has been considered earlier in the Soviet periodic 
literature, has aroused a great deal of interest, particularly in the case of 
producing shieldings for high temperature installations where hydrogen- 
containing materials are frequently inapplicable. 


The multiple group methods of analyzing three-dimensional energy distri- 
bution of neutrons have found wide application in the design of reactors. 
Recently several multiple group methods have been proposed for the analysis of 
shieldings which, in a certain sense, are analogous to those used in the de- 
sign of reactors. Two such methods are described in the article by D. L. 
Broder, A. P. Kondrashov, A. A. Kutuzov, V. A. Naumov and others. In these 
methods the neutron flux is broken down into seven and ten energy groups. 


The recently applied method of investigating the shielding properties 
of materials utilizing unidirectional beams of radiation are rather promis- 
ing. By using this method it is possible to compute or measure the distri- 
bution of radiation fluxes, and to find the influence functions for sources 
of various form and various angular distribution. This problem is treated in 
the theoretical work of A. P. Suvorov, Ye. B. Breshenkova; the theoretical 
work of V. V. Orlov and the experimental work of V. P. Mashkovich, V. K. 
Sakharov and S. G. Tsypin. 


Similar problems were also investigated in the work of V. I. Kukhtevich 
and L. A. Trykov. The problem associated with the transmission of y-rays 
during their inclined incidence on the shielding barrier also arouses great 
interest in the analysis of shieldings with complex geometry. 


The analysis of the effect associated with the geometric form of sources 
on the magnitude of the dose or of the radiation flux behind the shielding and 
its angular distribution, carried out in the article by D. L. Broder, Ye. N. 
Goryanina and others, serves as a substantial aid in the understanding of in- 
accuracies which occur in the various approximate methods of analysis. 


The special features associated with the transmission of radiation through 
nonhomogeneous media are investigated in the theoretical works of N. I. 
Laletin and G. Ya. Rumyantsev. Equations are obtained which make it possible 
to evaluate the effect of medium nonhomogeneity on its attenuation properties. 
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The pertinent calculations and measurements of the angular distributions 
of neutrons and y-radiations in shieldings are presented in the works of A. V. 
Larichev, L. R. Kimel', V. A. Kon'shin. The work of V. A. Kon'shin gives par- 
ticular attention to the analysis of three-dimensional and angular distribu- 
tions at short distances from the source. Information on the angular distri- 
butions of radiation fluxes in shielding and beyond the shielding barrier is 
necessary not only to understand the mechanism of radiation retardation by the 
shielding, but for the design of various shadow shieldings. 


In the practical solution of problems associated with the transmission of 
neutrons in a substance various approximations of the kinetic equation are 
usually utilized (the Po-approximation of the method of spherical harmonics, 
age approximations and higher approximations, etc.). 


The work of V. M. Veselov presents the spatial, angular and energy dis- 
tributions of neutrons in an infinite medium, using various approximations, 
which makes it possible to evaluate their applicability to specific problems. 


The basic shielding in stationary atomic installations utilizes concretes 
of various grades, so that the interest in the investigation of their proper- 
ties has not decreased to the present day. The present volume also devotes 
attention to the investigation of the shielding and mechanical properties of 
concrete. This problem is treated in the work of V. N. Avayev, G. A. Vasil 'yev 
and others. The two works by I. A. Arshinov are also concerned with this 
problen. 


A detailed investigation of the spectra of neutrons and y-quanta in the 
shielding makes it possible to extend our knowledge on the mechanism of retarda- 
tion of these radiations substantially and to evaluate with a higher degree of 
reliability, than in the case of total measurements, the degree of accuracy 
and the limits of application of certain approximate methods of computation. 
Some works of Yu. A. Yegorov and V. N. Avayev and others, and the work of A. T. 
Bakov, S. P. Velov, Yu. A. Kazanskiy and others present results on the measure- 
ments of spectra of fast neutrons and y-quanta. The last work is also inter- 
esting from the point of view of nuclear-physical concepts concerning the re- 
actions associated with the radiation capture of neutrons. 


As a result of experiments conducted by D. L. Broder, Yu. P. Kayurin and 
A. A. Kutuzov and described in the present volume, an empirical relationship 
is obtained for computing multiple layer shielding for y-radiation, which de- 
scribes the experimental results much better than the methods recommended 
earlier. 


The calculation of the radiation effects of emanations on various struc- 
tures of an installation has become one of the foremost problems because of 
the application of high-energy reactors. The methods of analyzing the thermal 
shielding of a reactor and the calculation of radiation heat releases in the 
reactor screens and vessel, as well as the experimental verification of these 
calculations, are presented in the works of D. L. Broder, A. P. Kondrashov, 

V. A. Naumov and others. 
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The selection and formulation of systems of initial constants are of great 
significance for the correct analysis of shielding. This includes the inter- 
action cross sections of neutrons with the nucleus as well as the establishment 
of spectra for the y-quanta and neutrons and the decay periods for the products 
of various nuclear reactions, etc. Therefore the compilers of this volume have 
deemed it useful to include the article by D. L. Broder, A. I. Lashuk and others, 
the article by V. I. Lebedev, P. Ye. Stepanov and also the article by V. P. 
Tl'in and V. Kh. Tokhtarov. 


The last part of this volume is concerned with the methods of investigat- 
ing the shielding. The principal difficulty in measuring the radiation fluxes 
in shieldings is due to the presence of mixed fields of neutrons and y-rays. 
Therefore, when measuring the neutron fluxes the experimenters pay special at- 
tention to the selection of a detector which is sufficiently insensitive to 
y-radiation and, vice versa, when recording the y-quanta an effort is made to 
utilize counters or dosimeters which are insensitive to neutrons. Special 
attention must also be paid to the spectral sensitivity of detectors. Thus, 
for example, in measuring the dose fields, it is desirable that the signal 
fed from the detector to the counter be proportional to the dose produced by 
a particle of a given type and given energy which generates this signal. It 
is quite difficult to construct spectrometers for y-radiation and for neutrons 
which operate satisfactorily in intense radiation fields of another type. 
Detectors for this type of measurements are considered in some of the works 
contained in the present volume. 


Thus a survey of existing methods of detection in experiments on shield- 
ing is given in the articles by V. A. Dulin, Yu. A. Kazanskiy, Ye. S. 
Matusevich and V. N. Avayev, G. A. Vasil'yev and others. 


The articles by Yu. A. Yegorov, V. N. Avayev, Yu. V. Orlov, N. N. 
Chentsov, A. S. Frolov, Yu. V. Pankrat'yev consider different types of neutron 
and y-spectrometers which can be used in experiments on the investigation of 
shielding, including measurements made on reactors. These works also discuss 
the methods of calculating the characteristics of spectrometers and process- 
ing the results of measurements. In the articles by V. N. Avayev and others 
and of V. P. Mashkovich, methodological data are presented on the application 
of radioactive indicators to measure neutron fluxes, in particular the appli- 
cation of the method for the isolation of the characteristic y-line. 


The work of S. G. Tsypin describes the B-2 installation, which is used to 
investigate shieldings by means of a rather promising method--with the aid of 
an unidirectional beam of neutrons, which makes it possible to obtain more de- 
tailed information. 


This volume may be useful to many readers concerned with the analysis 
and design of biological shielding of reactor installations and to specialists 
interested in the problems associated with radiation transport in a substance. 


The second and third parts of the volume will undoubtedly be of interest 
to experimental physicists, because some of the methods described there, in- 
cluding those using neutron and y-spectrometers, may be applied to various in- 


vestigations in other fields of experimental nuclear physics. 
The Editors 
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PART I. THE THEORY OF RADIATION PENETRATION AND METHODS OF 
ANALYZING SHIELDING 


THE NEUTRON DANGER FUNCTIONS IN THE ANALYSIS OF SHIELDING 
FROM RADIATION 


A. A. Abagyan, V. V. Orlov and G. I. Rodionov 


Introduction 


The method of conjugate equations (refs. 1-4) has turned out to be 
particularly useful in the analysis of nuclear reactors. The physical meaning 
of a conjugate function as the important feature of the neutron in a reactor 
is clarified most thoroughly in reference 1, which also derives a conjugate 
equation. 


The theory of conjugate equations was further developed during the period 
1957-1958 in the works of B. B. Kadomtsev (ref. 5) and G. I. Marchuk and V. V. 
Orlov (refs. 6 and 7). These works present the generalization for the case of 
nonhomogeneous equations and obtain the relationships of the theory of per- 
turbations for arbitrary functionals which depend in a linear fashion on the 
neutron flux. 


The present work presents the problems of the theory of conjugate equa- 
tions, as they apply to the investigation and analysis of shielding from 
radiation. 


The basic problems of analyzing a shielding involve the calculation of 
the following quantities: 


(a) the flux of neutrons behind the shielding and the doses produced by 
them; (b) the flux and dose of the y-quanta beyond the shielding; in this case 
both the y-quanta generated in the reactor as well as the capture y-quanta 
generated in the shielding as a result of neutron absorption are of interest; 
(c) integral neutron fluxes which fall on certain elements of reactor con- 
struction and shielding for the purpose of estimating the degree of radiation 
damage to material; (a) heat liberation in various elements of reactor con- 
struction and shielding (for example, in the vessel of the reactor), occurring 
as a result of y-radiation absorption, and the moderation and absorption of 
neutrons. 


*Numbers given in margin indicate pagination in original foreign text. 
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Unlike the universal conjugate function (value of neutrons) investigated 
during the analysis of reactors criticality, we shall require various conjugate 
functions, each of which refers to a specific quantity of interest to us. 


As we have already pointed out, the conjugate function in a reactor has 
the sense of neutron value, and therefore each neutron determines a definite 
value. Depending on the conditions of injection, this value, i.e., the con- 
tribution of a neutron to the chain reaction, in power, will be different. 


The situation is different in shielding. A neutron which has been injected 
into the shielding always represents a certain danger. This danger may be of a 
different type. The neutron is dangerous in itself and, depending on the con- 
ditions of injection, may produce a certain neutron dose. In the shielding a 
neutron may be dangerous from the point of view of generating secondary y- 
radiation, heat liberation and radiation interaction with the materials, etc. 
Therefore it is expedient to utilize the term "neutron danger" in the shield- 
ing instead of the designation "conjugate function as the value of the neutron." 


In computing the shielding of nuclear reactors we can distinguish two /8 
stages. In the first stage we investigate the optimum composition of the 
shielding, the best arrangement of various structural elements, the best alter- 
nation of shielding layers. In the second stage, when the shielding has 
already been selected, it is necessary to carry out small changes dictated 
by constructional changes. Both in the first stage and in the second stage 
the method of conjugate functions and of the theory of perturbations may 
prove to be quite useful. 


We should like to point out two of the possible applications of conjugate 
functions and of the theory of perturbations. In the first place, if we know 
the conjugate function, we can select the most rational arrangement of various 
materials in the shielding: moderators, neutron and y-quanta absorbers; in 
the second place, it is possible for us to obtain the variations in the quan- 
tities of interest to us (doses, heat liberation, etc.), associated with cer- 
tain changes in the construction and in the cross section of interaction. 

We can also obtain variations in quantities, due to effects not previously 
considered and without repeating the cumbersome calculations, by merely utiliz- 
ing the relationships of the theory of perturbations. 


It is true that in contrast to calculations of reactor criticality, where 
we are interested in rather small changes of reactivity, in the case of shield- 
ing analysis we are usually interested in large perturbations. Therefore, 
the utilization of the theory of perturbations in certain problems will give 
us qualitative rather than quantitative results. However, we know of a whole 
series of problems when the perturbations are additive to a substantial degree 
as illustrated, for example, by the utilization of the method of removal cross 
sections. In cases of this type the theory of perturbations may lead to re- 
sults which are quantitatively correct even when the perturbations are large. 


Theory of Conjugate Equations. Equations of 
the Perturbation Theory 


Let us consider a flux of neutrons which satisfies the equation 


oo + AV9-+E(E)g— J da’ ( aE'9(r, 2’, E', t)}3(Q'>Q, E'>£)= (1) 
=q(r, Q, E, t), 


where X(E) is the total macroscopic cross section of interation; X(Q' 7 Q, 

E' > £) is the differential cross section which characterizes the transfer of 
neutrons from the beam (Q', E') to the beam (Q, E) (here we take into account 
the elastic and inelastic transitions as well as fission); q (r, Q, EB, t) is 
the distribution of neutron sources. The medium in which we seek.the solution 
of equation (1) covers a volume V which is bounded by surface S. If external 
radiation is absent, the natural boundary condition is 


p(rs, 2, £, t)=0 whnen (Qn) < 0, (2) 
where n is the external normal to surface S. 
However, we frequently encounter a situation in problems of shielding 


when a flux of neutrons falls on the boundary of the medium from the outside. 
In this case the boundary condition takes the form 


p(t, 2, FE, =f(r,, 2, LE, t) when (Qn) <0. (3) 


In this case we can also utilize the boundary condition in form (2) by writing 
q.(ref. 6) in equation (1) in the form 


q—q(r, @, E’, )+(Q, n)f(r, Q, E, )b(r—r,) when (Qn) <0, (4) 
where 5(r-r,) is the 6-function which transforms the volume integral into a 


surface integral. The point Yr, in equality (2) should be interpreted as the 


Limit Fier when € 7 0 (€ > 0). We shall first consider the following equa- 
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tion which is normally conjugated with (1) 
—~-. F — avg" +E (A) @* — ( aa’ ( dE’p* (r, 2’, E't) x (5) 
x E(Q—>', E->E)=p(r, Q, E, 2, 
where p will be assumed to be an arbitrary function at this time. 
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For the sake of brevity we shall write equations (1) and (5) in the form 


Loa (x) = 4 (x); (6) 
L* gp (x) = p(x). (7) 


We shall interpret x as the set of all variables. The operators f ana f+ are 
linear and satisfy the relationship 


J fu) Lh (x)de= Q fa(x) Lh (x) de (8) 


for any two functions f, (x) and t( x). We shall always be dealing with real 


operators and functions. 


For functions f(x) and f(x) we may take the solutions of equations (1) 
and (5). 


With equations (1) and (5) we introduce equations for the Green functions 
of the basic and conjugate equations 


LG (x, %») = 6 (x — Xo); (9) 

L*G* (x, x4) =8(x—x,). (10) 
We shall prove the reciprocity theorem for the Green functions of the basic and 
conjugate equations. For this purpose we multiply equation (9) by Gt (x, x,) 
and equation (10) by G (x, Xp)- We integrate over the entire interval of values 


for the variable x and subtract one integral from the other (ref. 5) 


( G(x, x4) LG(x, x) dx— \ G(x, %) L°G* (x, x,)dx= (11) 
= G* (Xo, x) —G (x1, Xo). 


Because the operators fi ana fit conjugate, the left part of equation (11) be- 
comes equal to zero. Consequently, if we designate x by x, we obtain 


G* (xp, x)= G(x, x9). (12) 


We write the solution of equation (5) by means of the Green function 


3 (x) = | G(x, xo)s (x0) do, (13) 


or by utilizing relationship (12), 


Pp (x) = \ G (Xo, x) p (Xo) dxXo. (14) 


Relationship (14) makes it possible for us to clarify the physical meaning 
of the solution for the conjugate equation (5). The function G (x5, x) may be 


interpreted to signify the flux of neutrons in Xo» if one neutron is admitted 
at point x. 


Consequently, if p(x,) designates some characteristic of a process with 


neutrons, G (x) x) P(x,) is the number of acts of this process at the coor- 


dinate X)» when one neutron is injected at point x. Then s G (Xo; x) p(x,) dx, 


gives us the total number of acts in some volume, if a neutron is injected at 
point x. For example, { G (x5) x) ae dx, is the number of neutrons absorbed 
O 


in the volume Vop if one neutron is injected at point x. 


+ 
Thus Pp (x) describes the variation in the total number of acts of a 
definite process with neutrons as a function of the conditions of neutron 
admission. The conjugate function tends to characterize the quality of the 


neutron with respect to a definite process, while the basic function gives us 
@ quantitative characteristic of the neutron flux. 


Proceeding from this interpretation of a conjugate function we formulate 
the boundary conditions for equation (5). If the neutrons which have left /10 


the system cannot return and contribute to the given process, the boundary 
conditions for them will be 


of(r,, 2, E, )=0 when (Qn)>0 (15) 


+ 
For example, if 2. (x) characterizes the formation of capture y-quanta, the 


neutrons which are directed from the medium into the vacuum at the boundary 


cannot contribute to this process. Therefore their danger to the boundary will 
be equal to zero. In other cases, when the process is considered outside the 
given system, the boundary condition will have the form 


gp (rs, 2, E, t)=f* (rt, 2, E, t) when. (Qn) > 0. (16) 


This can happen, for example, if ® (x) characterizes the contribution to the 


dose by neutrons which are measured at the surface of the shielding, depending 
on the conditions of neutron injection. Neutrons injected at the boundary and 
directed from the medium directly contribute to the dose in view of their 
biological effectiveness. As in the case of the basic equation, we can utilize 
the boundary condition in form (15), writing p in the form 


p—p(r, 2, E, t)+(Qn)f* (r, Q, £, t6(r—rs) when (Qn) >0. (17) 


In this case r, in equation (15) should be interpreted as the limit Bivens 
when € ~ 0 (€ > 0). 


G. I. Marchuk and V. V. Orlov (ref. 6) developed the theory of perturba- 
tions, assuming sources p(x) and q(x) in equations (1) and (5) to be constant. 
Let us consider the equations of the theory of perturbations for the general 
case, when in addition to the variation of the medium parameters there is also 
a variation in quantities p(x) and q(x). Such cases are frequently encountered 
in shielding. For example, quantity p(x) varies when we consider the variation 
in the intensity of the capture Y-radiation during the substitution of one 
material for another. 


The functional characterizing a definite process with neutrons has the 
form 


Jpe \ p(x) p(x) dx. (18) 


Let us consider the functional 


Ja= J 9 (x) 9 (x) dx. (19) 


In this case (x) satisfies equation (1), while o (x) satisfies equation (5). 
We can show that J = Jas in which case it is necessary to multiply equation 
Bp 


(1) by ~* (x) and equation (5) by » (x), and then to integrate equations (1) 
and (5) over x; subtracting one from the other, we obtain 


J otLgax— { ohtg? dx= —{ 0 (x) p(x) dx+ J a(x) g(x) dx. - (20) 


Because the operators L and Lt are conjugate, the left side of equality 
(20) is equal to zero. Consequently, 


| o(x)-p (x) de =] @ (x) q (x) dx (21) 


and J =J. (22) 
po og 


Let us assume that the variation in the parameters of the medium | leads to 
a variation in the operators of equations (1) and (5) from fi to f' = f£ + 6f£ ana 
fit to ft' = ft + 6f*. In addition to this q(x) is replaced by q' (2 q (x) 
+ §q (x) and p(x) is replaced by p' (x) = p (x) + 5p (x) in the right sides of 
equations (1) and (5). 


The unperturbed system is described by equations 


Lop (x) = 9 (x); 
es (23) 
Lp" (x) = p(x). 
The perturbed system is described by equations fax 
(L +L) q' (x) =9 (x) +89 (x3 - | (2h) 
(L* + 6L*) @*" (x) = p (x) + 6p (x). 
The initial functional is equal to 
Jo= | (2) p(x) dx=Jq= | 9 (x) q(x) de. (25) 
The perturbed functional is determined by expressions 
Jp= \ 9 (x) p' (x) dx=Jg= (9° (x) q’ (x) dx (26) 


and 
63, = J',-J,- (27) 
Let us establish a relationship between the variations in ét, Sp and 6q 
and variations in the functional $J,- For this purpose we multiply the first 


equation of system (24) by * (x) and the second equation of system (23) by 
p' (x). Integrating and subtracting one from the other, we obtain 


( @* (x) dL’ (x) dx= \ q (x) @* (x) dx+ { 8g (x) o* (x) dx — 
— J p(x" (x) dx= J 9(x) 9° (x) dx— { [0 (4) + 8p (219 (x) de + 
+ {89 (x) 9 (x) det { dp (x) 9 (x) de. 


By utilizing relationships (25-27) we obtain 


BJ p= | p(x) 9 (x) dx-+ | 89(x) g(x) dx— (9° (x) dLg" (x) dx. (28) 


In the same manner we obtain an equation for oo, in the form 


OS p= | bp(x) 9(x) de-+ \ 89 (x) 9” (x) dx— J p(x) dL*g* (x) dex. (29) 


We note that relationships (28) and (29) transform to the conventional 
equation of the theory of perturbations in cases when the perturbations of the 
quantities p(x) and q(x) are absent. In this case 5p = 0, 6q = 0, 


op= — | (x) dL°9" (x) de. (30) 


We should note that the methods of conjugate functions and of the theory 
of perturbations presented in the present section are equally applicable to 
the y-quanta. 


The equations of the theory of small perturbations are obtained from 
equations (29) and (30) by replacing »' (x) with » (x) and gt! (x) with ot (x). 


Certain Functionals in the Theory of Shielding 


Let us write down the functionals which characterize the different quan- 
tities which are of interest to us during the calculation of the shielding. 
For simplicity we shall consider all of the functionals in one-dimensional 
plane geometry. 


1. The functional which characterizes the formation and exit of capture 
y-radiation (fig. 1) is 
n 


2 ule 


Inv = >, BB: ( \ N 9 (x, ps E) Eny(E) “cos 0B, dy dV dE, (31) 
i 


4a 


where k; is the dose produced by a unit flux of y-quanta with energy E,; Bs is 
the output of y-quanta with given energy E,; for each captured neutron; 9» (x, B, 
E) is the flux of neutrons; Bis is the macroscopic neutron capture cross /12 
section when y-quanta are formed; Hic is the total coefficient of linear absorp- 
tion for Y-quanta with an peal Ey 3 B, is the dose factor for the buildup of 
Y-quanta with initial energy Ey 

Expression (31) describes the dose of y-quanta leaving one em? of the 
shielding surface. The intensity of y-quanta dose at points which are close to 
the surface of the shielding is described by an expression similar to (31), 
but without the cos 9 term under the integral sign. 


If the dose buildup is represented in the form 


ai > ubre aor > us (32) 


Figure 1. Analysis of capture y-radiation. 
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we can integrate expression (31) over 9 and @ and obtain 


Jnn= 3% Dik | Jf le, we £) Bay (E) {AEs [ wi (dy — 2) + 
as P (33) 
+) aids | + (1 — AD Es [Hs do 2) + 3 whadn | } dey ae, 
k=1 : h=1 


where 


dy is the thickness of the considered layer of material in which the y-quanta 


are generated; a. is the thickness of material layers which are situated behind 


ext 
the considered layer; E_ = f 
2 t2 


As we can see from equation (33), the function p is written in the follow- 
ing manner 


dt. 


P(x, E)= 2 BikiZny (E) (AiEs [pi, (do — xX) + 2 pi dal + 


: (34) 
+(1— Ai) Es [bis (do — 2) + > whyde) 
The corresponding conjugate equation takes the form 
Lrg? = 3 RBZ uy (E) (AEs [Hb (do— 2) + 
(35) 


+ 2D hide] + (1 — Ad Es [5s (do— 2) + D whadal) - 


The function gt (x) describes the variation in the magnitude of the [13 
dose due to the capture y-radiation on the surface of the shielding (and, 
generally speaking, at any point) depending on the condition of neutron admis- 
sion, i.e., gt (x) characterizes the danger of a neutron with respect to the 
formation and emission of the capture y-radiation. This danger may be differ- 
ent, depending on the conditions under which the neutrons are injected. 


2. The functional which characterizes the dose due to neutrons is 
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Jn={ \ { os, p, E)8(%,—x) f (E) du dE dx, (36) 


where f(E) is a function characterizing the biological dose, produced by one 
neutron with energy E; 6 (x_-x) is the Dirac 6-function; x, is a boundary point 


at which the dose due to neutrons is considered. 


It follows from relationship (36) that 


p (x, B) = £ (BE) 6 (x,-x). (37) 


The corresponding conjugate equation is written in the form 


itet = f (E) 6 (x,-x). ( 38) 


In accordance with the preceding section, equation (38) may be written in 
the form ft gt = 0, with the boundary condition gt (x,) = £ (E) when (Qn) > 0. 


According to its physical meaning the function ot (x) characterizes neutron 
danger from the point of view of the dose produced directly by the neutrons 
themselves. 


3. The functional which characterizes the radiation interaction of neu- 
trons with the material is 


Traa=\ VS 9 (es ty £) {en (E) 9 (x42) + DS) 2 (Er) Zen X 
: (39) 


—nirs 
x BBs, 7} dx dpdE, 


where x is a point at which the radiation interaction with the material is 


considered; x 


5 = T, COS 03 Bp is the energy buildup factor; g) (E) is a func- 
i 


tion which describes the measure of radiation interaction between the neutron 
and the material; 85 (E; ) is a function which describes the measure of inter- 


action between the substance and the y-quanta with energy E,. 
The absolute value of functions g, (E) and Bo (E, ) also depends on the 
illumination time. By making assumptions analogous to those presented in section 


1 of this part, the function p (x, E) will have the following form after inte- 
gration over © and 9 
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p(x, E)= gi (E)8 (t6— x) + & Bi2inin (E) 82 (Es) X (40) 
X [AEs (His (te — 2) + (1 40) En (Hs (44 — 2) 


In this case the function gt (x) characterizes the neutron danger from the 
point of view of radiation interaction due to a neutron, both directly as well 
as by means of the y-quanta which it generates. 


4. The functional which characterizes the contribution to heat liberation 
is 


Jo=\\ Soc, w 2) {[ SER. (E)+ Baa (E) Ex | 8 (x6—2) + 


; irs —ujre (41) 
+ >) Bins EZ ny (E) a Bi+ >) Bjnd,Es2in (E) ar B;\ dx dy dE, 
‘ j 


(9H = en = energy) 


where x, is the point at which heat liberation is being considered; AE is /14 


the average energy loss of a neutron with energy E during a single collision; 
x (E) is the macroscopic cross section of elastic scattering; L,, (E) is the 


reaction cross section with the liberation of an @-particle or of some other 
charged particle; E, is the energy of (nw)-reaction; = (ny) is the cross section 


of the radiation capture of neutrons; Lin is the cross section of inelastic 


scattering; pt is the energy coefficient for the attenuation of y-quanta with 


en 


energy E,- If we represent the buildup factor B,; in the same manner as in sec- 


tions 1 and 3, the function p (x, E) may be written in the form 


p(x, E) = (AEX, (E)+-Ena (E) Ea) 8 (%s—*) + 
+ ZBiE ph Z (ny) (E) (AEs (wis (4% — *)) (42) 
FU AdE (a (%— x) 
+ 3) BE sd Zen (E) (AjEs (ud, (ee — x) + 
+(1 — A,) Ey (ud (ts — 2))]. 


The first term in equation (42) takes into account the contribution by 
elastic scattering to heat liberation, while the second term is due to the 
reaction with the liberation of charged particles. The third term takes into 
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account the capture y-radiation, and the fourth defines the contribution to heat 
liberation by y-quanta formed during the inelastic scattering of neutrons. 


If we are interested in heat liberation in a certain region of space, for 
example, in the reactor vessel, it is necessary to integrate expression (42) 
over xX, (fig. 2) within the limits of this space. Then the expression for 


p (x, E) will take the form 


p(x, E)= ( p(%, x, E)dx, = (AEZ,(E) + SnaEx) +: 


* 
+ BeE wh, Bnav (E) {Are (Ea (Hs (1 —2)) — Ba (hy (x2 = 2) + 
‘ ou 


(43) 
+(1— Ai) me [Ea (wh, (41 — *)) — Ea (pi, (x2 —x)i}+ 


+ Dy ByE spi Zin (E) X {Ary (E2 (pd, (%4— x)) — Ea (pd, (x2 — x) 
j 0. 


+ (1 Ay) 5 [Ea (the (#1 — 9) En (hs (4a 2)}} 


The terms AEE | (E) and Zak become equal to zero when x < x, and x > x,. 
In this case the thickness of the layer of the investigated material is (X5- 
x, ) » while the coefficient of linear attenuation for this layer is Be. The 


function ot characterizes the contribution to heat liberation at a certain 
point x, or in some region of space, depending on the conditions of neutron 


injection. 


Figure 2. Calculation of heat liberation in a shielding. 
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If we have function pt (x) which characterizes the neutron danger from the 
point of view of various processes, we can use equations (28) and (29) of the 
theory of perturbations to compute the effect of various factors on the dose 
due to capture radiation and due to neutrons, on heat liberation, etc. 


Effectiveness Function of Shielding Materials 


The various materials used in shielding have a different effect on the 
radiation flux beyond the shielding, and this effect depends to some degree on 
the position of this material in the shielding. For example, the effectiveness 
of boron materials is maximum when they are situated close to materials pid 
which produce a strong secondary y-radiation. 


This variation in the effectiveness of a particular material on its loca- 
tion in the shielding may be described by a function Pap (r), which we can call 


the effectiveness of the material A at the point r with respect to the quantity 


Jp: Obviously the function Pap (r) may be different in different shielding 


compositions. 
Quantitatively fhe (r) is equal to the relative variation of the dose J, 
when 1 g of material A is placed in 1 em3 near point r of the shielding. 


If we know the flux distribution and the danger functions of neutrons in 
the shielding, we can compute this function by using equations (28) or (29) of 
the theory of perturbations. 


far (r)= \ de’ \ dE (| 42 bp(r, #,E, 2) 9" (rE, 2) — 


Vv iE 


(44) 
—( dE | dag (e, E, Q) dag’ (t, E, 2)... 


where éf, and 6p are due to the variation in the parameters of the medium and 


of the source in the conjugate equation due to the introduction of 1 g of mate- 
rial A at point r. This function makes it possible for us to select and ar- 
range the material in the shielding correctly, in order to achieve a maximum 
increase in the shielding effectiveness. It is obvious that Pap (r) gives us 


the effectiveness of material A only when its concentrations are small, when 
it does not substantially alter the spectrum of neutrons in the shielding. 

In order to find the optimum arrangement of materials, we must apparently use 
the method of successive approximations. 
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Investigation of Certain Effects in Shielding Made 
of Iron by Means of the Theory of Perturbations 


As an example we present in the present division the calculation results 
for a two-dimensional shielding made of iron and of iron with 1 percent of boron 
by weight, with a thickness of 20 em in both cases. We assume that the inci- 
dent flux of neutrons is described by the fission spectrum x (u). We shall 
consider the effect of boron and hydrogen introduced at various points of the 
shielding on the dose due to the capture y-radiation and due to neutrons. 


The three-dimensional energy distribution of the flux and of the neutron 
danger function is computed in the P, -approximation by the multiple group 


method (26 groups). The system of constants and the breakdown into groups is 
shown in tables 1-}. 


The system of equations for computing the neutron fluxes has the form 


(ref. 7) 


j-l : ; 
Voj + 23,03 = py Lin ph Wel pf; 


. (45) 
+ Voit Zip =0. 
(yB = re = removal; 3aM = mod = moderation) 
Here j = 1, 2, ..., 26, with conditions at the boundary 
i % 9 (46) 
2 4 
% % 
when x = Xo» - is the external boundary of the shielding; a + i = x5 when 
x = 0 on the internal boundary of the shielding, where 
uy uy 
9 = ( Po(u) du; Gi= ( 1 (#4) du. 
“jot bad | 
Boundary conditions (46) mean that on the external boundary of the /18 


layer the neutron flux from without is absent, while on the internal boundary 


us 
: J 
there is a flux from without of given intensity x/ = ii x (vu) du. 
u: 
j-1 
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TABLE 1. BREAKDOWN OF NEUTRON ENERGY ACCORDING TO GROUPS (j), 
CONSTANTS AND COEFFICIENTS OF CROSS SECTION BLOCKING FOR IRON. 


4 I 
i E.eV Au o | "moa! Sve | str | Stot fs fe | itot 
1 6,5-108—10,5. bas leas lees 0,48 | 0,035] 0,0250/ 1,37 | 1,72) 3,40] 1,00 | 1,00 | 1,00": 
2 4.1086, 5-105; 0,418 10, 005 0,0508/1,35 | 2,04) 3,80} 0,98 |} 0,97 1 0,96 | 
3 | 2,5-10%—4;0-106 | 0,48 10,002] 0,0968/1,13 | 2,431 3,50] 0.96 | 0,95 | 0.94 | 
4 1,4-10%2,5-108 0,57 |0,003}0,0960/0,90 | 2,57] 3,30] 0,87 | 0190 bOl74! 
5 | 0,8-10°—1.4-108 | 0757 | 05004 /0,120 | 0,484] 2,29 290 0,79 10,79 0,61 | 
6 {| 0,4-105—0°8-108 | 0,69 lo: 005/0,161 | 0,166} 3,16] 3,80) 0,68 | 0,62 | 0,45 | 
7 0,2-108—0,4-106 | 0,69 | 0,006] 0,142 |0,148} 3,76) 3,00) 0,77 ; 0,62 | 0,55 
8 | 0,1-106—0,2-106 | 0,69 }0,006{0,181 |0,187} 3,52] 3,70/ 0,66 | 0,50 | 0.39 
9 | 46,5-103—100- 103 0,77 10,007 | 0,237 10,234] 5,12] 5,30] 0,60 | 0,53 1 0,34 
10 | 21,5-103—46,5- 103 | 0,77 10,017 }0,657 | 0,674] 14,21} 14,50] 0,07 | 0,30 | 0,03 
II 10-103—21,5-103 0,77 | 0,005, 0,183 10,188] 3,96 4500) 1,00 | 0,75 ; 1,00 
12 | 4,65-103—10- 103 | 0,77 0,004 Q, "385 0,389} 8,32 8,10, 0,76 | 0,60 | 0,86 
13 | 2)15-103—4,65-109 | 0.77 [0,011/0,270 | 0,281} 5,85] 5,90] 1.00 | 0,77 | 1,00 
14 1-103—2,15-103 | 0,77 |0,106]0,338 |0,444} 7,43] 7,50) 1,00 0,37 | 1,00 
15 465-1000 0,77 {0,015/0,458 |0,473] 9,9 | 10,0 — _ —_— 
16 215-465 0.77 10,028 0,504 0,532 | 10,89] 11,0 _ _ = 
17 100-215 0,77 | 0,037 0,522 |0,559) 11,29) 11,4 — _ — 
18 46,5-100 0,77 10,053 0,522 |0,575) 11,39] 11,5 —-/}- = 
19 21,5-46,5 i 0.77 |0,072| 0,522 |o.504]} 11/39/1165 | — a a 
20 10-21,5 0,77 }0,105}0,522 |0,627}11,39/11,5 | — | — | ~ 
21 4,65-10 0,77 |0,154/0,522 |0,676) 11,49] 11,6 ~ _— sae 
22 2,15-4,65 0,77 |0,220}0,522 10,742] 11.49] 11,6 _— _ = 
23 1,0-2,15 0,77 |0,330/0,522 |0,852/11,51}11,7 | — | — J — 
24 0,465-1,0 0,77 {0,490} 0,522 |1,012[11,71/11,9 | — a = 
25 0,215-0, 465 0,77 |0,720}0,522 |1,242/12,0 | 12,1 - _ = 


NOTE: All commas in tables represent decimal points. 


A system of equations for computing the neutron danger function with re- 
spect to the capture y-radiation has the form 


m 
— Vet? + Dhupz? aS Be pe a “BP UD 
l=j+1 


+ DB) RBZ ny {Air [wis (do— x)] + (1— Ad) x 


ew 


(47) 


x Ealpis (do—x)1}3 — 4 Vort!-+ Zhe’ ~0, 


ies 
with the conditions at the boundary a + a = O when x = Xe, i.e., at the 
O 
external boundary ; > is liad O when x = O, i.e€., on the internal boundary, 


where 


wy Wy 
\ (pe (u) du \ (pf (u) du 


The physical meaning of such boundary conditions is obvious. The danger 
of neutrons which are directed from the medium into the vacuum at the boundary 
is equal to zero, because neutrons of this type cannot enter the medium and 
consequently cannot produce capture y-radiation. 


The system of equations for computing the danger function with respect 


to the neutron dose on the external surface of the shielding is written in the 
form 


— Voi +-Shupt? = YY Three! + 
l=j+1 


x ) 
| (48) 


fs gy Eas 


---} Voi! + Zip} =0 


TABLE 2. CROSS SECTION OF INELASTIC TRANSITION o 4 FoR IRON 
n 


AND FOR BORON-10. i 
iron 
t 
1 2 3 4 5 
! | 
tees 
2 0,08 
3 0,19 0,22 
4 0140 0,31 0,60 
5 0,31 0,33 0,14 0,46 
6 0/29 0/23 0,13 0,25 0,15 
7 0.08 0/10 0,05 0,03 015 
8 0.0; 0,03 0,03 0,01 0.05 
9 0,0) | 0,01 0 0 0:01 
a ete, pent Boron 10 ee : 
: 1 2 3 4 
1 

2 0,03 

3 0,07 0,03 

4 0,11 0,04 0,04 

5 0,06 0,04 0,01 0,03 

6 0:03 0,01 :02 


GROUP CROSS SECTIONS FOR BORON ISOTOPES B1° ang Bll. 


TABLE 3. 
Bio Bil 1 
: oc | ° moa | G e | Grp | Slot °mod | ore Ctr Stot | 
1 0,15 0,185 0,635 1,04 | 1,50 0,184 0,594 11,00 | 1,59 
2 0,30 0,235 0.655 1,16 1,60 0,244 0,394 J1L,00 | 1.55 
3 0,25 0,416 0,726 1,34 1,90 0,406 0,436 '1,17 | 1,85 
4 0,30 0,425 0.755 1,53 2,00 0,563 0,563 11,76 | 2,00 | 
5 0,22 0,645 0,885; 2,05 2,50 0,619 O61 1,910) 220 
6 0,50 0,967; Tay: BABI 4,10 0,592 0,592 | 2,240 2,50 | 
7 0,90 1,09 | 1.95 | 4,62 4,90 0,739 0,739 !3,22 | 3,0 
8 1,60 0,869 2,47 4.48 4,80 0,782 0,782 13,20 | 3.70 
9 2,40 0,584 2,08 4,63 4,80 0,836 0,836 }3,53 | 3,80 
10 3,60 0,487 4,0 5,16 5,60 0,846 0,846 |3,57 | 3,80 
1 5,20 0,560 5.76 7,34 7,50 0,846 0,846 |3,57 | 3,50 
12 7,70 0,633 8.25 10,1 10,3 0,846 0,846 13,57 | 3,60 | 
13 11,20 0,706 | J1,9! 13,9 14,1 0,846 0,846 13,57 | 3,80 
14 16,60 0,755 | 17.35 19,4 19,7 0,846 0,846 13,57 | 80 
15 24,30 0,779 | 25,08 27,1 27,5 0,846 0,846 |3,57 | 3,80 
16 35,70 0,803 | 36,5 38,5 39,0 0,846 0,816 13,57 | 3,80 
17 52,50 0,803 | 53,3 55,3 55,8 0,846 | 0,846 13,57 | 3,80 
18 | 77,0 0,803 | 77,8 79,8 80,3 0,846 | 0,846 13,57 | 3,80 
19 | 112 0,803 | 112,8 4,8 | 115 0,846 | 0,846 |3,57 | 3.80 
20 | 166 0,803 | 116,8 169 169 0,846 | 0,846 |3,57 | 3,80 
21 | 243 0,803 | 243,8 246 246 0,846 | 0,846 |3,57 | 3,80 
22 | 357 0,803 | 358 360 360 0,846 0,846 13.57 | 3,40 
23 | 525 0,803 | 526 528 528 0,846 | 0,816 |3,57 | 3,80 
24 | 770 0,803 | 771 773 773 0,846 0,846 | 3,57 | 3,80 
25 11120 0,803 |1121 1123 1123 0,846 0,846 {3,57 | 3,80 
26 |4000 — 4001 4001 4003 _— _ 3,57 | 3,80 
with the boundary conditions 
et’ « +) 7 
=} 4-7 when x= xsi 
pt? pt? 
j-—-tQ when x= 0. 


Indeed, the neutrons on the internal boundary of the shielding, which are 
directed from the medium into the vacuum, cannot contribute to the dose meas- 
ured at the external boundary, and therefore their danger is equal to zero. 

A neutron on the external boundary, directed from the medium into the vacuun, 
contributes directly to the dose corresponding to the biological effective- 


ness ft, 


Figures 3 and } show the neutron danger functions relative to the capture 
vy-radiation in iron and in iron with an addition of 1 percent boron by weight. 
These functions describe the variation in the dose due to the capture y-radiation 
on the surface of the shielding as a function of the coordinate and of the 
energy at which the neutron is injected into the shielding. 
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TABLE \. 


GROUP CONSTANTS FOR HYDROGEN. 


[rfl | 
Oe 1 2 3 4 6 | 6 7 8 ig ee | Pe 
1 0,400} 0,240) 0.176 0,096 0,064 0,032 0,016 0,009] 0,004] 0,003) 0 I, 
2 10,512] 0,375 | 0,205 0,136; 0,068 0,034] 0,018} 0,008; 0,004] 0,003) 0 1, 
3 |0.767| 0,418] 0,279 0,183 0.0701 0,037 07018] 0.009] 0; 004] 0.002) 0 2" 
4 |0,975] 0,650 | 0,325 | 0, 163! 0,087] 0,040) 0.019; 0,009} 0,004] 0,003! 0 3,00; 

5 11,558] 0,779 | 0,389 1 0, 209] 0,097] 0,045) 0,021/ 0,010] 0,004] 0,004) 0 4, 
6 | 2,065] 1,033 | 0,553 | 0, 257] 0,119] 0,055) 0,026} 0,012) 0,006! 0,004] 0 5, 
7 | 2,936] 1,572 | 0,732 | 0,338) 0, 157] 0,673) 0,034 0,016; 0,007 0,004] 0 8, 
8 | 4,270] 1,986 | 0,919 | 0,427! 0, 199) 0,092] 0,013, 0,020; 0,009) 0,008) 0 ll, 
9 {5.238 | 27430] 15128] 0,524] 012431 0/113! 0/052| 1o24| oLolto,o1010 ‘| 14; 
10 |6,210] 2,882 | 1,338 | 0,621] 0,288] 0,134} 0,062] 0,029) 0,013] 0,011) 0 16, 
1] 6,921} 3,212] 1,491 | 0,602] 0,321] 0, 149] 0,069) 0,032) 0,015) 0,013) 0 18, 
12 | 77220} 3,350 | 1,556 | 0, 727} 0,335] 0, 156| 0,072| 0,033) 0,016] 0,013) 0 19, 
13 | 7,369] 3,420 | 1,588 | 0,737! 0,342] 0,159} 0,074! 0,034] 0,016] 0,014] 0,001) 19, 
14 [7/482] 31472] 1,612 | 0.7481 0,347] 0,161] 0,075) 0,035] 0,016) 0,014] 0,001| 20, 
15 [7,520 | 3,489} 1,62010,752| 0,349! 0, 162) 0,075] 0,035] 0,016] 0,014) 0,002) 20, 
16 | 7,557 | 3,506 | 1,628 | 0,756} 0,351 0, 163; 0,076! 0,035} 0,016] 0,014] 0,003) 20, 
17. | 7,557 | 3,506 | 1,628 | 0,756] 0,351] 0, 163] 0,076] 0,035] 0,030 0,001 20, 
18 | 7,594 | 3,524 1,636 | 0,759 0,352) 0, 164| 0,076| 0,066 0,006 20, 
19 {7,594 | 3,524 1,636 10,759) 0), 352, 0, 164] 0, 142 0,009, 20,< 
20 | 7,594 | 3,524 | 1,636‘ 0,759) 0, 352] 0,306 0,014] 20, 
21 7,594 | 3,524] 1,636; 0,759] 0,658 0,020] 20, 
22 | 7,594 | 3,524 1,636 | 1,417) 0,030} 20, 
23 {7,594 | 3,524 | 3,053 - | 0,044] 20, 
24 |7,594 | 6,577 0,064] 20, 
25 | 7,594 0,093; 20, 
26 | 14,17 0, 


As we can see from figure 3, the danger function has a maximum, dur- 


same! 2 


fg 


ing its variation, which is close to the external boundary of the shielding. 
This variation of the curves is due to two reasons, a decrease in the prob- 
ability of y-quanta absorption as the edge of the shielding is approached and 
an increase in the probability of neutron leakage from the shielding without 
the formation of y-quanta. 


Therefore, the danger function increases up to certain points of the 
shielding where the leakage of neutrons is still small. Near the boundary 
where the neutron leakage effect becomes substantial, the danger function 
drops. The danger function decreases as the energy increases (fig. 3), be- 
cause the formation of y-radiation decreases due to a decrease in Y(ny)* 


When boron is introduced, there is a slight change in the distribution 
of the danger functions. In particular, neutrons of low energy in the shield- 
ing points situated far away from the external boundary have a smaller danger 
than neutrons of higher energy. In pure iron a neutron may diffuse over a [20 
definite distance and only then be captured by the iron with the formation of 
the y-quantum. 


The addition of boron to iron leads to a decrease in the migration length 


of neutrons, particularly of those with small energy which are absorbed prac- 
tically at the same place where they are bred. Therefore, the path traveled 
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Figure 3. 
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groups, see table 1). 


by the y-quanta to the surface of the shielding increases, which leads to a 
decrease in the danger function at points of the shielding away from the sur- 
The introduction of boron produces a decrease in the danger of soft 
neutron groups, also due to the occurrence of a competing process of neutron 


capture by boron nuclei without the generation of hard y-radiation. 


ciple it is possible that with further addition of boron to iron the danger 
function of neutrons with low energy will be less over the entire thickness 


of the shielding. 
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Danger function of neutrons with respect to capture 
y-radiation in iron (numbers above curves designate numbers of 
energy groups; for breakdown of energy interval according to 


gt 


7072 i 


Figure 4. Neutron danger function with respect to capture 
y-radiation in iron with addition of 1 percent boron by 
weight. 


Figure 5 shows the danger function according to the neutron dose meas- 
ured at the external surface of the shielding as a function of the coordi- 
nate and of the energy at which the neutrons are injected into the shield- 
ing. Such a function increases monotonically over the thickness, because 
as the neutron is injected closer to the surface, the probability of its 
leakage from the shielding increases, together with the possibility of its 
contribution to the dose. 


The three-dimensional distribution of the danger function for neutrons 
of the 10th group with respect to the captured radiation and the neutron dose 
has a rather shallow nature. This is explained by the presence of @ drop in 
the variation of the iron cross section in the 10th group, as a result of which 
a@ neutron of given energy diffuses freely over the entire thickness of the faL 
iron. As a result the quantity of y-quanta and the dosage due to neutrons on 
the surface of the shielding depend very little on the coordinate of the point 
where the neutrons are injected. 


Figure 5. Danger function with respect to neutron dose 
measured on external surface of shielding. 


To clarify the effect produced by the introduction of boron and hydrogen 
on the dose due to the capture y-radiation and due to neutrons, we utilize the 
theory of perturbations. The equation of the theory of perturbations for a 
multiple group system of equations in the P, -approximation has the form 


26 
eD= \ dx { >) [ dpin} —oxloz oj + bzhan tpi (Qe? — 
age (49) 
—or)+95 >) 6xhr (oz! — gt) — 382; p97] } 


l=j+1 


Integration is carried out within the limits of the region where perturba- 
tion takes place. 


In the case whenin the region from x) to x, (fig. 2) there is a variation 


in the attenuation properties with respect to y-quanta and in the neutron 
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capture cross section Zon)? the expression for 5p (x) in equation (49) assumes 


the following form when 0 5 xs x 


dp? (x) = py BileiZinyy {[AsEo (i, (do — x) + Apt, (42 —21)) + 


“+ (1 — Ay) Eo (pba (do — ©) + Aptis, (x2 — %1))] — [ArE2 (uh, (do — x) + (50) 
+ (1 — Aj) Ba (wh, (do — x))1}; 
when x) sxs x, [22 
dp? (x) = >) Bikes (Zhay [A Ea (wi, (do — x) + Api, (2 — x) + es) 
t : 51 
+ (1 — Aj) Ep (ais (do — x) + Api, (x2 — x))] — Ziny) [AEs (pt, (do—2)) + 
-+ (1 — Ai) F2 (pis (do — x)) 1}; 
when x > Xp 
Sp) (x) = 0, (52) 


where Au? is the variation in the coefficient of linear y-quanta attenuation 
with energy E,, Au., = Au* (1 + a7), Qué = pil. yl, 
OL ak 

We return to the consideration of plane shielding made of iron with a 
thickness of 20 cm, which is subjected to neutrons of the fission spectrum. 
As these neutrons are captured by the iron, they generate Y-quanta which pro- 
duce a definite dose associated with y-quanta as they exit to the external 
surface of the shielding. Let us investigate the variation of this dose as 
a function of the location where boron and hydrogen are introduced into the 
shielding. The three-dimensional energy distribution of neutrons in the iron 
layer is shown in figure 6. 


Figure 7 shows the relative variation in the dose 6D/D as a function of 
the location where boron is introduced. Boron is introduced in place of iron 
in a layer with a thickness of 0.1 cm in the amount of 1 percent by weight. 
As we can see from the illustration, effectiveness of boron close to the edge 
of the shielding is approximately ten times greater than at the beginning of 
the layer. 


The variation in 6D/D as a function of the point where hydrogen is intro- 
duced is shown in figure 8. Hydrogen is introduced in the quantity of 5 per- 
cent by volume in a layer of thickness 0.1 cm and a density of 0.111 eles 
The curve 6D/D, as shown in figure 8, has a maximum when x ~ 10 cm. 
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Figure 6. Neutron fluxes in iron shielding. 


We should point out that the leakage of neutrons from the iron layer is 
rather high (approximately 96 percent), and the capture of a neutron takes 
place basically for fast neutrons with E ~ 50 keV-1 MeV. In the first layers 
of iron some softening of the neutron spectrum takes place, as a result of 
which the action of hydrogen increases and the curve 5D/D increases. Begin- 
ning with x ~ 10 cm, the effect of the boundary on the distribution of fast 
neutrons becomes more pronounced, while the variation of the spectrum prac- 
tically ceases. Due to the effect of the boundary, the danger function of 
fast neutrons, which are primarily responsible for the capture, becomes shal- 
low at first and then drops towards the edge of the shielding. The drop in 
8D/D close to the external boundary, when iron is replaced by hydrogen, pro- 
duces an effect which also decreases the quantity of the formed y-quanta, due 
to the lowering of the value in the macroscopic neutron capture cross section 


(the term Spdepd ) , If iron is replaced by boron this further increases the 
negative action of boron. 


2h 


Figure 8. Relative variation in 


Wa “5 _8 019 18 GSB sce dose (6D/D) due to capture radia- 
~ : tion as function of place where 
Figure 7. Relative variation of hydrogen is introduced. 


dose (6D/D) due to capture radia- 
tion as function of place where 
boron is introduced. 


Figure 9. Relative variation of 
neutron dose (6D/D) as function 
of place where boron is intro- 
duced. 


The variation in 6D/D due to the neutron dose as a function of the place /2h 
where boron is introduced is shown in figure 9. Boron is introduced into a 
layer with a thickness of 0.1 cm in a quantity of 1 percent by weight. The 
action of boron (fig. 9) leads to a decrease in the dose due to neutrons. This 
is explained by the fact that the dose due to neutrons beyond the iron with a 
thickness of 20 cm primarily forms neutrons with an energy of approximately 
500 keV, for which the action of boron is more pronounced than the action of 


6D 
iron. The increase in Il, as we move away from the internal edge of the 


shielding, is due to a certain softening of the neutron spectrum as a result 
of which the action of boron increases. 


In conclusion we compute the variation in 6D/D due to the capture radia- 
tion in the case when boron is introduced over the entire layer of iron. The 
calculations carried out with the exact equations of the theory of perturba- 
tions, utilizing the unperturbed flux and the perturbed danger function, give 
us a value 6D/D = 75 percent. The effect computed by means of equations of 
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the theory of small perturbations utilizing an unperturbed flux and an unper- 
turbed danger function give us a value 65D/D = 65 percent. Consequently the 
equations of small perturbations in this case yield an acceptable accuracy. 


The authors express their gratitude to A. I. Leypunskiy, V. Ya. Pupko 
and E. Ye. Petrov for useful advice and remarks. 
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THREE-DIMENSIONAL ENERGY DISTRIBUTION OF FAST NEUTRONS 
IN HYDROGEN 


Sh. S. Nikolayshvili 


An isotropic point source of monoenergetic neutrons in an infinite [2h 
hydrogen medium is given. It is required to find the energy distribution of 
fast neutrons at various distances from the source. 


For the spectral characteristic of the neutron field we utilize the 
neutron flux function Ny (r, E) which is determined in the following manner. 


If r is the distance of the considered point in space from the source, 5 is a 
sphere with a unit cross section of the large circle and with the center at 
this point, while E is the energy of the neutron in megaelectron volts, the 
total number of neutrons with energies within the interval (E, E + dE) inter- 
secting the sphere S per unit time is equal to Ny (r, E) dE. 


The problem of determining the function No (r, E) is reduced to the solu- 
tion of equation (refs. 1, 2 and 3). 


pt SE. SP +00 = 55 du's, (u') wef o ‘ dp’ (uy — (1) 
=I 
Lier Oe By uw) + 420 , 
where H = bb! + Ji pe J1-wt2 cos @. In the region of high energies [25 
a (a) = o. (u), while co, (u) is obtained (ref. 4) by means of equation 
6(u) = 8 | a se cao BHRT PE wo. ero | » (2) 


where y“ = 1.21 e7%; E, is the initial energy of the neutrons; u = 1nE)/E. 


The unknown function No (r, E) is determined from the relationship 
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No(r, E)=4-Wp(r, u), (3) 


where 


+1 
Mo (r, u)= \ D(r, p, 4) da, (4) 
-1 


while @ (r, , u) is the solution of equation (1), which becomes equal to 0 
when r~ ©, 


The approximate calculation of the function % (r, u) is achieved by 


utilizing the method of moments (refs. 1 and 5), which consists of finding 
several first even moments of the function 4, (r, u) from equation (1) 


co 


@2, (u)= eyj | Ame*Do(r, u) Pdr, n=O, 1, 2. rey (5) 


0 


and then constructing its approximate representation from the established 

moments of the function. In the present work this representation is con- 

structed by means of the first three moments, utilizing a method described 
in reference 6. 


The determination of the corresponding moments of the function, after 
the nonscattered part of the neutron field is eliminated, reduces to the solu- 
tion of a system of six integral equations having a form 


o(u) y(u) = § 04(u')Qv (¢ ® )y(u') du’ + F(u), (6) 


0 


ut-u 


where f (u) is a continuous function of u, while Q. (e = ) is! a polynomial 


ui-u 
of degree v with respect to e a 
jst v Lae 
Qe )= Saget O™, se 
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Equation (6) is easily solved by numerical integration. Below we describe the 
method. We lay out the points u,, wu, = kh, k= 0, 1/2, 1, 3/2, ..-, along the 


u axis, where h is a constant, and adopt the designation 


Ya Y (ta), n= O(a), etc. 


If we introduce the new functions 


7. (uu) 


Ag (u) = ( 0, (u')e? y (u’) du’, 
0 


equation (6) may be rewritten in the form 


0 (1) y(u) =) agAy (0) +7 (). 


Assuming that u = uy, in this equation, we obtain 


Vv 
Onn = x, agAgnt/r- 
q= 


Here, in view of the adopted designation 


Up, 1 pe 
Aqu= ( o,(u'ye?  —"y (4") du’. 
. it) 


Since wy, = wu, 1 +h, the last expression may be written in the form 


aah “hos q 
Aga=e ? \ o,(u’)e? 
é 
u 
* 4. 


+ \ 0, (u’)e2 tad 9 (y") du’ 


Un~t 


(u'—uy_,) 


y (u’) du’ + 


aah “k As (u’—u ) 
Agrn=e ? Ag, n-i-+ \ 0, (u')e2 ht" 9 (u’) du’. 


Un 


or 


(8) 


(9) 


(10) 


(11) 


(12) 
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We make use of the Simpson equation to compute the integral in the right 
side. In this case 


gh gh qh 
—_-+— h —_-— —_—— 
Ag=e ? Ag, nit rs (Fe, .10  ? Yus+4Onn-y,e 4 Yh—1/2+ OsnYn)- (13) 


Substituting the resulting expression Aax into equation (10), we obtain 


the following equation for computing the values of Ve 


v v qh 
Osnh NA ms h 
(, - 7 >; u,) Yn, = > aq (e Aq, htt Is, nat X 
q=0 q=0 (14) 


ot 4h ug 
a 
xe * Ynack eo Oz, h~1/g& Yn ) - 


Relationships (14) and (13) jointly yield an approximate solution of 
equation (6), if we know the values y,, y,/,, A, A (ar e0y Ay ates 
When u = O we have 0? “1/2? “qo? “4,1/2 


The values when u = wy /2 may be obtained if we use the trapezoidal equation 
for computing the respective integrals. 


e) 
After the moments >, 3°, $) have been established, the function eo 


(r, u) may be determined by means of the approximate equation 


42r?p (r, u) = Arve-*" + e-2r8 (u), (15) 


where 


+ 10-34. VETER 


“Op p 


2(1—p) , 


_ (O98 
6Or0} * 


ao 


= Sf PEN WH2) OF | _ _avtige | a 
. f PE nere op) A=orepy: Petia | eertat 


To control the calculations it is useful to note that when u= 0, A=a_,, 
sO 
v=land@= 59° 
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Ey = 2 MeV 
r, CM 
10 20 30 40 
E,MeV 
2,000 0,9713 1,943 2,914 3,885 
1,902 0,9929 2.011, 3,052 4,115 
1,810 ios, «| gto79, | 3h 4.316 
1,638 1,063 | 2,292 3.465 4,71 
1,482 1,116 2,373 3,747 5,237 
1,341 1,171 | 9 2.531 4,035 5,681 
1,213 1,232 2,696 4,331 6,128 
1,098 1,206 2,869 4,636 6,581 
0,993 1,362 | 3,050 4,950 7,040 
0,899 1,433 | 3,238 5,274 7,298 
0,813 1,507 | 3,434 | 5.609 7,980 
0,736 1;584 3,639 | 5,955 8,481 
TABLE 2 
E._ = 4 Mev 
O 
ne vr, ne 
10 20 30 
E,Mev 
4,000 | 0,3209 0,6419 0,9682 
3,805 0.3237 0,654 0,9922 
3,619 0, 3288 0,6677 1,017 
3963 Orang | OL72kG 1196 
, 200 ' ’ 
2,681 0,3634 | 07635 1,188 
2,426 0,3772 0,801) 1.253 
2,195 0,3922 0, 8416 1,323 
1,797 0, 4255 0,.9306 1,475 
1,472 0.4633 1,031 1,645 
1,205 0,5064 1,153 1,833 
0,986 0,5532 1,265 2,039 


This method was used to compute the distribution of fast neutrons (with 
energies greater than 1 MeV) in pure hydrogen with a density equal to the 


“6s 1023 
density of the hydrogen nucleus in ordinary water, n = SS = 
0 6692-1073 nuclei of hydrogen per cubic centimeter. 
It was assumed that we had an isotropic monoenergetic point source [29 


which emits one neutron with an energy i) every second. 


E 


fe) 


The initial energy 


was assumed to be equal to 2, 4, 6, 8, 10, 12 and 14 MeV. 


- 


te es wt AD AD GD CO oh ON 


a eo ee ee ee ee) 


BS aasseases 


0,09278 
0.09363 
0,09440 
0,09619 
0,09816 
0, 1003 
0, 1028 
0, 1054 
0, 1084. 
0,1116 
0,1189 
0, 1276 
0,1376 
0, 1506 
0, 1621 
0,1769 


20 


20 


0, 1818 
0, 1834 
0, 1852 
0, 1892 
0.14539 
0, 1991 
0,2050 
0,2115 
0, 2187 
0,2266 
0,2444 
0,2650 
0,2888 
0,3158 
0,3460 
0,3800 


By 
oo 4 
WO ARNO 
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TABLE 5 


Eo = 10 MeV 
vr, cm 
10 

10,00 0, 06253 

9,512 0,06300 

9,048 0,06346 

8,187 0,06453 

7,408 0,06563 

6,703 0, 06787 

6,065 0 ,06819 

5,488 0,06978 

4,966 0,07146 

4,493 0,07333 

4,066 0,07537 

3,679 0,07763 

3,012 0, 08262 

2,466 0 ,08877 

2,019 0,09578 

1,653 0, 1038 

1,353 0,1129 - ‘ 

1,108 0, 1232 0, 2642 0,4076 0,8234 

TABLE 6 
Ey 12 Mev 
10 20 | 30 60 90 

0,04373 0, 08745 0, 1289 0,2512 0,3671 
0,04403 0,08719 0, 1295 0,2573 0,3657 
0,04434 0, 08773 0, 1302 0,2517 0,3650 
0,04499 0, 08894 0,1318 0,2533 0,3649 
0,04568 0 ,09033 0, 1337 0,2560 0, 3668 
0, 04647 0,09192 0, 1360 0, 2596 0,3705 
0,04731 0,05374 0, 1387 0,2645 0,3759 
0,01827, : = 0, 09580 0, 1418 0, 2698 0,3828 
0,04931 000809 | 0, 1454 0,2763 0,3913 
0,0547 0.1007 + 0,1493 0, 2838 0, 4013 
0,05175 01035 19,1537 0,2923 90,4129 
0,05316 0, 1066 0.1585 0,3018 0.4259 i 
0,05639 0, 1138 0, 1697 03239 0.4565 | 
0, 06023 0, 1224 0, 1830 0,3502 0, 4933 
0,06473 0, 1323 0,1984 0, 3806 05365 
0 ,06993 0, 1437 0,2162 0,4162 0, 5863 
0,07590 0, 1568 0,2364 | 0,4562 0.6428 
0, 08266 0,1714 0,2591 0,5012 0,7046 
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E, = 14 Mev 
! 
0,4 1,0 2,0 3,0 4,0 
0,07143 0,1429 0,2143 0,2857 
0.07204 0,1441 0,2135 0, 2812, 
0,07498 | 0, 1471 0,2163 0,2823 
0,07766 0,1518 0,2222 0, 2889 
0,0K110 0, 1585 0,2314 0,3000 
0,08540 0,167) 0,2138 0,3154 
0,05066, 0,1777 0,2594 0,3354 
0 86O5, 0, 1907 0,2784 0,3599 
O,i0tt 0, 2060 0,3009 0,3891 
0, 1180 0, 2238 0,3273 0,4232 
Q, 1229 0,2442 0,3576 0,4624 
Q, 512 0,2672 0,3918 0,5068 
0,05680 { 0,169 0, 2932 0, 4302 0,5568 


The results of the calculations are shown on tables 1-7 and are pre- 
sented in the form of the function yar Ny (r, BE). 


The author expresses his deep gratitude to G. I. Marchuk for his valu- 
able remarks and to T. I. Stavinskaya for the great deal of work she has 
performed in carrying out the numerical calculations. 
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lanalogous results for E, = 8.096 MeV are presented in reference 1. At sub- 


) 


stantial distances from the source these results vary significantly from the 
results of the present work. By extrapolating the function har® No (BE), 


it was established that the value of co. utilized in the computations of ref- 


fe) 


erence 1 was taken equal to 0.0784 cm, while in our calculations we assumed 
o5 = 0.0758 em. The difference in the values of %F completely explains this 


discrepancy. 
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THREE-DIMENSIONAL DISTRIBUTION OF NEUTRONS IN AN INFINITE 
HOMOGENEOUS MEDIUM WITH A POINT UNIDIRECTIONAL SOURCE 


A. P. Suvorov, Ye. B. Breshenkova and V. V. Orlov 


This work considers three-dimensional distribution of neutrons in an [30 
infinite homogeneous medium with a point unidirectional source. The solution 
is carried out using a single velocity approximation. The determination of the 
three-dimensional distribution is reduced to the solution of the conjugate 
kinetic equation with an isotropic right part, which is solved by the mthod 
of moments. | 


A detailed examination is made of the physical meaning associated with 
the conjugate equation and its solution, the expediency of its utilization in 
the solution of specific problems. The distribution of fast neutrons in iron 
is computed and the results of the calculation are compared with experimental 


results. 


Physical Meaning of Kinetic Conjugate Equatio 
and its Solution : 


For the sake of brevity we write the kinetic equation, for an arbitrary 
distribution of sources, in the operational form, i.e., without writing out 
the left part of the kinetic equation in detail we designate it by LF (r, 9, E) 
and obtain 


LF (r, Q, E)=q(r, Q, E), (1) 


where L is a linear operator of the kinetic equation; F (r, 9, E) is the radia- 
tion flux at the point r with velocity direction M and energy E from the dis- 
tributed sources q (r, 9, E); q (r, Q, E) is a known source distribution func- 
tion, i.e., the number of particles emitted every 1 sec at point r with energy 
E and with velocity direction 9. 


Any physical quantity, which is associated in a linear manner with the 
radiation flux F (r, Q, E) from distributed sources q (r, ©, E), may be ex- 
pressed in the form of a triple integral over drdQdE in the following 


manner 
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Jp= VF (1, & E) p(t, @, B) drdQde, (2) 


where p (r, 2,:E) is a known function characterizing the relationship between 
quantity Jp and flux F, while the limits for the variation of variables asso- 


ciated with the observation point are determined from physical considerations. 
For example: 


1. The radiation flux at an arbitrarily fixed point r' with a velocity 
direction Q' and energy E' from the distributed sources is equal to 


J or—rya—ar Ez’) (t’, 2", BE’) = { dr dQdE F (r,Q, E) 6 (r—r’)8(Q—2’) 5 (E—E’), 
i.e., p (r, Q, E) = 6 (r-r') 6 (Q-Q') 6 (E-E') depends parametrically on r', 
Q', EB, 
2. The total radiation flux, i.e., the flux integrated over all possible 


velocity directions at an arbitrarily fixed point r' with energy E' from the 
distributed sources is equal to 


Jager yen) (0, E’) = | dr dQ dF F (r’,Q', E') 6 (r—r') 8 (E—E’), 
and depends parametrically on r' and E'; p (r, Q, E) = 6 (r-r') 6 (E-E'). 


3. The number of collisions per 1 sec in an arbitrarily fixed point r' 
is equal to 


J sqyate—e-y (T") = ( dr dQ dE F (r, 2, E) 3 (EB) 8(r—r’), 


where & (E) is the total macroscopic cross section. 
4. The count of a collimated detector per 1 sec at an arbitrarily 


fixed point r' during the collimation of the incident radiation in the direc- 
tion 2' is equal to 


Jzpiewe-ry(a—a') (tT, 2’) = ( dr dQ dE F (r, Q, E) VEp (E) 8 (tr — 1’) 6 (Q— 2’), 


where V is the volume of the detector; Up (E) is the cross section of the 
detector. 


5. The count of an isotropic detector at the point r' during 1 sec is 
equal to 
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Jpunee—eyt! = ( dr dQ dE F (r, 2, F)VEp(E)8(r —r’). 


6. The dose at an arbitrarily fixed point r' from the distributed sources 
is equal to 


Jgeme (0) = ( dr dQ dE F (r, Q, E)8(r—r’)D(E), 


where D (E) is a dose corresponding to the unit radiation flux with energy E. 


7. The integral dose from the distributed sources is equal to 
Pe ( dr dQ dE F (r, 2, E)D(E). 


Let us consider the same physical quantity a not from the arbitrarily 
distributed sources q (r, 2, E), but rather from an elementary source 
qa (r, Q, E) = 6 (r-rp) 6 (N-25) 6 (E-E)), i.e., from a point unidirectional 


single energy source. Designating it by Ip, we obtain 
J°,(t9, Qo, Eo) = ( dr dQ dE G(r, &, Ej to, Qo, Eo) P(r, 2s E)s (3) 


where G (r, Q, E; ro, N), EQ) is the Green function of the kinetic equation 


(1), i.e., the radiation flux at the point r with the velocity direction 
and energy E from a point unidirectional single energy source situated at 
the point Yo with a beam direction Q and energy Eo: Let us call r, 9, E the 


variables at the observation point, and ro, Qo, 1) the source variables. 


G(r, 9, Es r 


ome Eo) is determined as the solution of the following kinetic 
equation 0 


0? 


LG (r, 2, E; ro, Qo, Eo) = 6 (rf — Fo) 5 (Q —Qq) 6 (E— Ep). (4) 
y 


The quantity ® (x59 QQ» EO) as well as the flux from the elementary source 
Pp 


G (r, Q, E; Yo» Q E,) depend parametrically on the source variables Yo: No, 


0’ 
and Eo which are contained in the right side of equation identified as (4). We 
note that in the equations (1) and (4) the independent variables are the 
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variables at the observation point. We shall agree to consider Yo» Q5> Eo in 


expression (3) as independent variables. Then Jp (ro, Q, E,) = Jy (r, Q, E) 


as a function of the source variables is nothing more than the value of the 
physical quantity Jy when an elementary source with a beam direction 2 and 
energy E is situated at point r. 


According to the principle of radiation superposition the value of the 
physical quantity Jy due to the arbitrarily distributed sources q (r, 2, E) is 


equal to the total value of the physical quantities from all elementary 
sources, i.e., 


Jp=\ dr dQ dé J3(r, Q, E)q(r, Q, E). (5) 


Let us show that ap (r, Q, E) as a function of source variables satisfies the 
conjugate kinetic equation whose right side is equal to p (r, 2, E). We shall 


proceed in the following manner. We write down the conjugate kinetic equation 
in operational form with its right side equal to 


L*F* (r, 2, E) =p(r, Q, E). (6) 


The conjugate operator of the kinetic equation Lt may be obtained from L / 32 
by determining the conjugate nature of the linear operators 


\ dr dQ dE F* (r, 2, E) LG(r, 2, Es to, Qo, Eo) = is 
7 
= \ dr dQ dE G(r, &, E; to, Qo, Eo) L*F* (r, &, E). 


According to (6) the expression (3) for a (ro; 


Eo) may be rewritten in 
the following form 


Q5> 


J, (tr, Qo, Eo) = \ dr dQdE G(r, Q, E; to, Qo, Eo) p(t, 2, E) = 


= \ dr dQdEG (, &, F; to, Qo, Eo) L*F* (r, 2, E), 


from the conjugate property (7) it is equal to 
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\ ar dQ dE Ft (r, 2. £)-LG (r, 2, E; ro, Qo; Eo), 


so that by using expression (4) we obtain 


\ drdQ dE F* (r, 2, E) 5 (r ~ 40) 8 (@ —M) 8 (E— Es), 


which, from the determination of the 6-function is equal to Ft (tr); Q9 E). 
We have obtained the following fe) 


Jd (fo Qo, Ey) o= F* (To: Q, Eo). 
(8) 


It is obvious that equality (8) is valid for any values Yo: Q)» Eo: Conse - 


quently we maintain that ge (r, 2, E) as a function of the source variables, 
satisfies the conjugate kinetic equation (6), i.e., 


J (r, Q, E) == Ft (r, Q, E). (9) 


According to the accepted terminology (refs. 1-4) Ft (r, Q, E) is the value 
with respect to the linear functional of the flux Tp: Actually the value with 


respect to the given physical quantity is nothing more than the value of this 
quantity Jp (r, A, E) =F" (r, Q, BE) when the elementary source r with beam 
direction 9 and energy E is situated at point r. 


In the conjugate kinetic equation (6) the independent variables are the 
source variables; the variable observation points may enter parametrically 
into the right side of the equation with the corresponding form of the func- 
tion p (r, 2, E). For example, in the case of the entire radiation flux at 
an arbitrarily fixed point r' with energy E' from an elementary source, the 
right side of equation (6) p (r, 2, E; r', E') = 6 (r-r') 8 (E-E') and con- 
sequently, the solution Ft (r, Q, E; r', E') itself depends parametrically on 
the variables r' and E' of the observation point. According to (9), expression 
(5) may be written in the following manner 


Jp= \ dr dQ dE J*,(r, 2, E)q(r, Q, E)= a 


pes { dr dQ dE F* (r, 2, E)q(r, Q, E). 


On the other hand, according to equation (2) 
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Jo= \ F (r, 2, E) p(r, 2, E) dr dQdE. 


Comparing expressions (2) and (10) we obtain 


i= \ Fo, Q, E) p(r, 2, E) dr dQ dE = ys 
i 
= \ dr dQdE F* (r, Q, E)q(r, Q, E), 


i.e., the value of the physical quantity Jp for the arbitrarily distributed [33 


a (r, Q, E) is equal to the value of the same quantity a (r, Q, BE) = F* (r, Q, 
E) for an elementary source, multiplied by the distribution of sources q (r,-, 
E) and integrated over all source variables. From the physical standpoint 


equality (11) reflects the principle of radiation superposition. Equality (11) 
may be of great practical value in computing the physical quantity Jp: Fre- 


quently the solution of the kinetic equation (1) is associated with substan- 
tial mathematical difficulties, and in order to find the quantities Jp it 


becomes much more convenient to solve the conjugate kinetic equation (6) and 
then to utilize equality (11). Below, as an example, we consider the three- 
dimensional distribution of neutrons in an infinite homogeneous medium pro- 
duced by a point unidirectional source. For this case we carry out detailed 
calculations since the problem is of interest by itself. 


Three-dimensional Distribution of Neutrons in an Infinite 
Homogeneous Medium Due to a Point Unidirectional Source 

Let us consider the three-dimensional distribution of neutrons in an in- 
finite homogeneous medium from a point unidirectional monoenergetic source. 


We present the solution in a single velocity approximation. The kinetic equa- 
tion for the transport of neutrons will then have the form 


Qyrad G(r, ; ro, Qo) + BG (r, Q; ro, Q)— Ze \ dQ’ G(r, 2's Fo, Qo) f (Q’ —> Q)= 


= 6(r—ra) 8(2—Q), (12) 


where G (r, Q; To» Q) is the flux of neutrons at point r with velocity direc- 
tion Q from an elementary source, situated at point Yo with beam direction N93 
xs is the macroscopic scattering cross section; 2 is the total macroscopic 


cross section; f (Q' 7Q) is the relative probability for the variation in the 
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neutron velocity direction from ' to Q as a result of collision. The quantity 
f (Q' + Q) depends only on M, = (Q' 2), the cosine of the angle between direc- 
tions Q' and Q, and consequently has the property of symmetry with respect to 
the substitution 2' and , i.e., 


f (Q' —> Q) = f (Q—> 2’). (13) 


We are interested in the three-dimensional distribution of neutrons. Let us 
consider the entire radiation flux at an arbitrarily fixed point r' from an 
elementary source situated at point To with beam direction Qo» i.e., the 
quantity equal to 


Jb¢r—r'y (Fo, Qo; 1’) = 
= j G(r, Q; ro, Mo) 5 (r— 4’) dr dQ == Go(t"; ro, Qo). 


According to expression (9) the entire flux at point r' from an elementary 
source Go (2s Yo» Q) as a function of the source variables rp, Q, satisfies 
the conjugate kinetic equation with an isotropic right part equal to 6 (r-r'), 
i.e., 


Go(r’; v, 2) = Ft (r, Q5 6’), 


where F* (r, Q; r') is the solution of the following equation 
L*F* (r, Q; 1’) =6 (r—r’). (14) 


Ft (r, Q; r') is the entire radiation flux at point r' from an elementary 
source situated at point r with beam direction 2. This is a function of source 
variables, while the variable observation point r' is considered a fixed pa- 
rameter in the right side of the conjugate equation (14). 


The kinetic equation (12) contains the independent variables as the /34 
variables of the observation point and contains the source variables as param- 
eters in the anisotropic right side of the equation. A direct solution of 
equation (12) is associated with mathematical difficulties which occur due to 
the relatively large number of variables: the single directionality of the 
source leads to a three-dimensional relationship with cylindrical asymmetry, 
i.e., it gives two three-dimensional coordinates. The variation in the neutron 
flux with the velocity direction Q gives two more variables~-two angles. Thus 
the flux G (r, 9; rg, 2.) depends on four variables, which substantially com- 
plicates the calculations. 


In the conjugate kinetic equation (14) the independent variables are the 


source variables, while the variable observation point r' is contained as a 
parameter in the right side of the equation. The isotropic property of the 


he 


right side of this equation leads to a solution having a spherical symmetry, 
which substantially simplifies the calculations. 


Let us determine the form of the conjugate operator L* from condition (7) 
Let us consider the expression 


\ dr dQ F* (r, Q; r’)LG(r, Q: ro, Qo). 


We write the operator L in explicit form utilizing expression (12) 


( dr dQ F* (r, Q; 1’) (QV) G(r, Q Fo, Mo) + 
+2 [ drdQF*(r, 9; r°)G(r, Q; t0, 2%) — (15) 


= \ dr dQ F*(r, Q; r’) \ dQ’ G(r, Q's Fo, Qo) f(A" —> Q). 
Let us consider the following integral 


\ dr (QV) F* (r, 3 6°) G(r, Q; toy Mp). 


According to the Gauss-Ostrogradskiy theorem it is equal to 


§ ds (Qn) F* (r, Q; ’) G(r, Q; Fo, Qo). 


If sources are absent at infinity, this integral is equal to zero, because 
from the physical meaning of F* (r, 2; r') and G(r, Q; Top Q%) it follows 
that on the surface of a sphere with infinite radius 


G(r, Q; to, QM) |sro=O0 for (Qn) <0; 
while F*(r, Q51r')'s.0=0 for (Qn) >0. 


Thus 
\ dr (QV) F* (r, Q; r’) G(r, Q; £9, Qo) = \ dr F* (r, Q3 r') (QV) G(r, Q; £9, M0) + 


a { dr G(r, 23 ro, Qo) (QV) F* (r, Q; r’) = 0. 


Consequently the first term of expression (15) may be written in the follow- 
ing manner 
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‘ dQ dr F* (r, Q; r') (QV) G(r, Q; ro, Qo) = 
=~ J drd&G(r, 9; ro, 2) (QV) F* (r, 9; F'). 


If we replace the order of integration over the angles in the third term of [35 
expression (15), we obtain 


= ( dr \ dQ F* (r, 2; r’) ( dQ! G(r, Q's to, Mo) f (Q' --> Q) = 


ws, \ dr ( dQ’ G(r, Q's tr, Qo) { dQ F* (r, Q; r') f (Q’ > Q); 


taking into account the symmetric properties of the function f (Q' -Q) (13), 
we have 


~%, ( dr \ dQ’ G(r, 2's r9, Qo) ( dQ F* (r, Qs’) F(Q —> A); 


if for convenience we redesignate the variables of integration respectively, 
we obtain 


3; \ dr \ dQ G(r, 2; Fo, Qo) ( dQ! F* (r, Q'; F’) f(Q’ > Q). Re, 


Taking into account (16) and (17), we can rewrite expression (15) in the fol- 
lowing manner 


( dr dQ F* (r, Q; r’) LG (r, Q; ro, Mo) = 
ees \ dr dQG(r, Q; ty, Qo) (QV) F* (r, QF’) + 
+2 | drdQG(r, 2 r4, M) F* (4, 9; ¢’) — 
—2, | drdQ@ G(r, 9; ro, 20) ( dQ’ Fr (r, 5’) F(Q"—> a), 


According to (7) it is equal to 


( dr dQG(r, Q; ro, Qo) L*F* (r, Q; r’). 


Consequently the conjugate kinetic equation (14) has the form 
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—Q grad F* (r, 2; r’) 4+ UF* (r, Q; r’)— 


— 2, ( dQ’ F* (7, 25 r') F(@’ > @) = 8 (r—F’). (18) 


It is obvious physically that the entire flux G) (r'; r, Q) = FT (s,Q) rt) 


depends only on two variables: on the scattering from an arbitrarily fixed 
point r' to the source, i.e., R= | r-r'| and on the angle between the beam 
direction Q and the straight line which connects point r' to the source. 


Consequently, in solving the conjugate kinetic equation (18) it is con- 
venient to transform to a spherical system of coordinates letting R= r-r'. 
Equation (18), which is integrated over the azimuth angle 9, will then have the 
Pollowing form 


aFt (R, 1=-12) OF *(R, ate 
—p SO — mae oF gee + BF (R, p) — 


=, § a0! F(R, wy ow) BR, 


where 
p= cos (R/Q),1.e., p= AP). (19) 


The mathematical relationship between Ft ana w follows from the very form of 
the conjugate kinetic operator i, while the relationship between Ft and R is 
due to the isotropic property of the right side of conjugate equation (18). 


We note that due to the reciprocal properties of the problem the conjugate 
operator L in the considered single velocity approximation differs from L 
only in the sign before the first term QVF. Therefore, the establishment of 
the entire flux produced by the elementary source, i.e., the solution of con- 
jugate equation (14), is equivalent mathematically to the establishment of /36 
the three-dimensional angular distribution of radiation from an isotropic 
source for the basic kinetic equation. 


Solution of the Conjugate Equation by the 
Method of Moments 

The solution of the problem for a point isotropic source may be achieved 
by various methods. The problem on the distribution of the entire flux from 
a point isotropic source is solved by the method of Laplace transformation in 


the case when the scattering indicatrix is represented in a simple form, for 


: 1 1 = 
example, in the form f (Ho) =Ts (ref. 5) or f (Hy) ai (1 + 3 Hotty), where 
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Bo is the mean cosine of the scattering angle (ref. 6). The angular distribu- 
tion of the flux in this case remains constant. 


The method of spherical harmonics gives the solution of the problem in a 
general form; however, in the first place, it does not produce a correct be- 
havior of the flux near the source and along all distances in the direction 
~'-1, and it converges poorly when absorption in the medium is high (ref. 7). 


The improvement of the method of spherical harmonics by the introduction 
of singularities at R70 and w > -1 (ref. 8) with a subsequent solution of the 
equations of spherical harmonics gives a satisfactory description of the flux 
near the source also when # ~ -1, but apparently at great distances from the 
source it will hardly yield good convergence when we have a medium with high 
absorption. 


In addition, analytical methods of solving the problem of the type indi- 
cated above are hardly expedient for the solution of more complex problems with 
moderation--in the case of multiple group consideration. 


The numerical methods of solving the problem in question, for example the 
S,, method (ref. 9) and similar methods used by Sh. S. Nikolayshvili (ref. 10), 
whose application is feasible at small distances, have not been investigated 
to date from the point of view of their convergence at various (not only small, 
but large) distances from the source. 


Therefore it is expedient to consider this problem by means of the well- 
known semianalytical method of moments (ref. 11), which is used with equal 
success both in a single velocity as well as in a multiple velocity problem 
and which takes into account the nonisotropic scattering, etc. It is known 
that the methodology which is usually used does not make it possible to obtain 
distributions at small distances from the source. However, this can be cor- 
rected by isolating the singularities in the solution, as done in reference 8. 
In this case the difference will consist basically of the fact that after iso- 
lating the singularities the method of moments rather than the method of spheri- 
cal harmonics is used. 


Let us expand F* (R, uw) and f (uw! 7) in terms of the Legendre polynomials 


F*(R, nw) = SEE a(R) Pa(w)i 


ni-0 


(20) 


; Ny 20-1 
fw > p) == 3 ae AP (Ho), cet) 
1=0 


where Hy) = (M'). We substitute expansion (20) and (21) into equation (19), 


taking into account the properties of the Legendre polynomials 
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Pr (Ho) = Pr (p) Pr (w’) +2 y Sa PP () PP (p') cos m (p—9") 


m=1 


PPh (p) = eer Past (YH) +s ores Pr-s (4); 
Pn 
@| ene p?) Sa aioe eae [Pas (p) ae! Pass (H)1s 


8 
Jf ane, (») Py (uv) = Spay Stn (where 64, is the Kroenecker symbol) and the /37 


en 
fact that the integral over dy' of cos m (g-') is equal to zero, i.e., ue dg! 
cos m (-') = 


(0) 
Then in place of (19) we obtain the following equation 


3 {Pres (1) [ — 2h *). Pea mLrpeme an cad le +1) 


: dR an "R =| = Punt (H) X 
OF *(R) n F(R) on (n-L 1) _ 2a ls 
Bg ag bg Pg gg ER 
S(R 
(SE) } Ee. 


Multiplying this equation by P (u) and integrating over dQ, we obtain a system 
of differential equations for FT (R) 


HLS) FRA(R) 


_ ,OFi-1 (R) eae OFi+1(R)__ 
Q+1 er 2061 “ORCL OORT 
FR, (R) =) 
t4+1)(t4+2 P earesd : R 
— eee) Tee; (R) —2aF i (R) f= PAR). by 9. 


RD 
Multiplying equation (22) by =" * 1 = and integrating over the entire volume, 
we obtain a system of algebraic equations for the moments b 


> 
t -Ln- 
(1 AFA) Ba EO aa, gn EY ong, ger =(L— ft) br, n= 51, 08m, 0 (23) 


where b are the three-dimensional angular moments for the neutron flux 
> 


bya ee ( Fi (R) R™* dR = ( F+(R, p) R™P; (u) dR dQ. (2h) 
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Here (L-hf, is the designation for the operator in the left side of (23); 
h = a It is easy to see that the system of equations (23) determines only 
those moments binn for which t <n and the indices 4 and n have the same parity. 


The neutron flux F* (R, ») may be represented as a sum 


F*(R, p)= F(R, 1) 4 F(R, pn) -+ F(R, p). (25) 
+(0) p+(1). FF i ‘ i 
where F , F » F are functions which describe the flux of nonscattered 
neutrons, singly scattered neutrons and multiply scattered neutrons, respec- 


tively. It is known that the fluxes of nonscattered neutrons Ft(0) and singly 


scattered neutrons rt(1) have singularities with respect to R near zero and 
with respect to » near -1. , 


The doubly scattered neutrons Ft(2) which are contained in the Fr flux 
also have a singularity, but this singularity is sufficiently weak (logarithmic) 
(ref. 8), so that Ft may be looked upon as a "smooth" function. ‘The variation 


in fluxes t(0) and pt(1) as a function of the coordinate has the form (see, 
for example, ref. 8) 


—=R 
F+O(R, p) = ape O(1 +4); 
4 (26) 
oun fe zoe. 
+ = ser —ER V1—p? tg 60/2 
PO (R, p)= = vine e F (0) 490, 


TI~arc cos p 


where iy = cos 6); 95 is the scattering angle. 
If we assume that angle 8 is small and that =R /1-p? << 1, the expres- [38 


sion for pt(1) (R, ») leads to 


See oe. 
FeO* (Ro 4 
( ue 16AR V 2(laiw (27) 


where 


a= 3 Mt Pa POL FB CH) | fam 


5 9 25 1225 
=It+fh+9 eh 13 33 fo 17 tas fot 


1the right part of expression F +(1) (R, }) should be multiplied by kn. Formulas 
{21}, (34), (41) and (70) change correspondingly. Then for h < 0.9 expression 
(33) can rigs to b. a5 O. In this case we must be satisfied beeen s paration 

only of FTO) (Ru *or in other words describe the relationship FH(1 (Rp). 

Making formula (70) precise does not lead to large changes in calculation re- 

sults, because the moments of function (70) correspond to the actual. 
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Then the flux of singly scattered neutrons pt(1) (p, ) may be represented as a 


+(1)* 
sum of the isolated singularity F (1) (R, &) of a sufficiently "smooth" residue 


rl) (Ry) 
F(R, p) = F*(R, p) + F(R, p). 


(28) 
Thus the total flux may be expressed as a sum 
F(R, p)= F(R, p) + FO*(R, pe) + O+(R, p), (29) 
where 
O(R, pw) =F (R, w) + F(R, pw). (29a) 


* 
As a result of this the flux is separated into a part (xt (0) + pr(1) ie 


+ 
which has a singularity for R70, uw 7 -1 and a "smooth" part @ (R, uw) with a 
relatively weak singularity. 


Let us determine the moments of functions pr(0) pr(1) | Ft from system 


(23). It is obvious that Ft) ~ 1° Fl) n!, FY ~ n® ana that the moments 
of these functions depend on h, i.e., they may be represented in the form 


oe. = hoBi,; 
OM n ae WBM a; ( 30) 
br, , = AB), ,.- 
Then 
b,, a= bn + OM AE iy, nn Bn of ABP at APB, n ( 31) 
Substituting (31) into equation (23) we obtain a system of equations 
LB n = 81,0 8p, 03 ) 
LBP n = fiBirns j ( 32) 
(L—Afi) Br, p= fi BM. 


By carrying out a successive solution of system (32) we can obtain the three- 


dimensional angular moments a Bins v(t), v, Utilizing the values 
pee 32 , 
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. i~ - ¥* * 
oe, and the moments De of the function pr) (R, 4) and also the addi- 
22 ton pil 


tive property of the moments, we can obtain, in accordance with (28) and (29a), 


the values of the moments d, of the function &* (R, w) 
n 


> 


br, > bi, at bP os oP, ( 33) 
where 
(n-+1) Ag a Fat n+1 
* Z l : 
Oe aya Ne, gee eee ae (3)4) 


To reestablish the angular moments of the function * (R, uw) we utilize 
the following convenient approximation form, analogous to the one described /39 
in reference 12 


Dj (R) = A, (ERY eT HP, (35) 
The parameters Ay, Vip gy are selected from the conditions that the first 
three moments (of the same parity) with n = t, t+ 2, t + 4 of approximation. 


(35) coincide with the established values of the corresponding moments Ptn 


= 0-5-2 (lo) + VIF Ore , 
2(1—9) 

AW) (L+2) bh rae 

© 3) (E44) oy aby, 4g” 


yn V oe PE) (wii 2) 


(4-1) T+2) aa 
FL 
TV wr eeay ? 


where 


Le =] 
P(v)= ( xY~le-* dy —y-function of Euler. 
0 


Some difficulties are encountered in the reestablishment of the angular 
relationship from the known angular moments. The expansion of the flux in terms 
of spherical harmonics (20) does not converge too well, even after isolating 
the nonscattered, singly scattered and doubly scattered neutrons, particularly 


50 


when the capture is strong. For example, during the isotropic scattering the 
asymptotic angular distribution is described rather critically (when h & 0.5) 


by a varying function of the form (1 + ut) +, because in this case k sg tice OM: 
The poor convergence of the series requires that we take into account a large 
number of its terms, i.e., we must know a large number of angular moments Fy. 
In this connection it is not helpful even to know the exact values of the first 
moments. Apparently we must seek an escape, as in the case when the three- 
dimensional relationship is reestablished from the three-dimensional moments, 
specifically by utilizing the approximation equations with parameters which 

+ 
can be expressed in terms of the values oT (R) = 2x J @ (R, uw) Py (wu) a. 


Let us select the form of the approximation equation which is similar to the 
asymptotic solution for a single velocity problem (see (53)) 


DOR Wa eae t D Pm (R) Pe (37) 


where @ (R), k (R), 6B, (R) are parameters selected from the conditions that the 


first (m* + 2) angular moments of approximation (37) coincide with the estab- 
lished values of the moments (35). 


In the approximation with respect to two angular moments (m* = 0) the 
+ 
function ¢ (R, &) is expressed in the following manner 


(D5 (R)—k (R) OF (R) 
1--R(R)p : (37a) 


D+ (Ry == ye 


where k (R) is determined from the transcendental equation 


or(2) = 28) — i (R); 
ho (k) = fy ; (38) 


n.——; 


The graphs of the function hy (k) and , (x) are shown in figure l. 


In the approximation utilizing the three angular moments (m* = 1) [40 
BFR) OER) _ Ff fk 
OF (Ry B= Gt ap (UOT LTE AUR) I]. (39) 
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Figure 1. Graph of functions ho(k), @, (k) and Q(k) for de- 


termining roots of transcendental equations (38) and (40). 
where k(R) is determined from the transcendental equation 
a Fee es ae 
a)=3 [e—gar] ae. (10) 


The graph of function Q, () is also shown in figure 1. The final expres- 
sion for the flux of neutrons, when using an approximation in terms of the 
three angular moments, has the form 


poe kes L Bago 7% 4 (R) 
F+(R, B) = -Gapr 8 (re) + leak Vili yoni a 


OTR Po FEAR ] . 
 Gaeep, {2 (R)] Lk (R) 


(41) 


Asymptotic Behavior of the Entire Flux 


At large distances from a point source (ZR >> 1) the angular distribution 
of the neutron flux must coincide with the case when we have a plane source. 
Thus, for the problem considered in the present work we can write the asymptot- 


ic expression for the entire flux in the form 
‘ eT hR 
F(R. pb) = g- O(n), (42) 
where k' is some constant, while $(u) is determined by the "plane" equation 


g i : SF? pe , , 
—p + BRR, w)— ZB.) dQ'FS(R, p') Few): (43) 
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Substituting equation (42) into (43), dividing the resultant equa- [yd 
tion by = and noting that 2R >> 1, we obtain 


a 


Da)", [QR FM >), (44) 


where k = k'/Z. Let us expand f(w#' ~ 4) in a series of Legendre polynomials 
(21) and substitute this expansion into equation (44). In this manner we obtain 
oo 


Sq — 
i=0 


D(p) == fee mya py SE (2L+N) fvPr(), (una) 


+1 
where $, = 2n J du'$(4') P,(w'). Integrating expression (23) over au) we 
ml 
obtain 


+i 
= y A (Ei 1) fay \ ae ; 


Rn=0 —1 ( 45) 


We express all %, in terms of %), 
Len, ay, = Cp. (46) 


To do this we return to equation (44) and rewrite it in the following form 


Z (1+ kp) D(y) =, y dQ (p’) f (pi > p). (47) 
We expand $(u.) in terms of the Legendre polynomials 


(Dp (4) = a : 


nO 


2nd 
An 


-D,P,, (1). (48) 


Substituting expansions (21) and (48) into equation (47), we obtain 


Ay 2n-t-l : oy a) 
» vee DP, (wu) 2 (1 + kp) = ds 3 at Of, P,,(B). (49) 


We multiply expression (49) by P,(u), integrate over dy and divide by ¢. 
In this manner we obtain 


AB Cr+ AE SEY Cus + BiC1=0, (50) 


Aly 


where 


From system (50) we successively determine all Ci, beginning with Co =l, 
and further for +> 0 


Ca — eh Cn Ce, (51) 
Taking into account (46), substituting the established values of C, (51) into 


(45) and breaking off the series at the m-th term, we obtain a transcendental 
equation which can be used to determine k 


1= Dy (A+ ACA) W (A), (52) 


i=0 


+1 

where Yi (n) = | he my dp . It follows from equation (44) that the angular [42 
“1 

asymptotic property of the function EAR; ») is proportional to (1 + cp), 


where k is determined by transcendental equation (52) and depends on h = u,/= 
and on the harmonics of the scattering indicatrix fj. 


Thus the asymptotic behavior of the entire flux is determined by the 
expression 


eT kek Ta l 
ae (R, p) = "SR ta ae p (2 + 1) FCs Pr (11). (53) 


To determine k and Cy in expression (53) it is more convenient to utilize 
the results obtained in the solution of equation (42) in the P, approximation, 
i.e., by taking into account all C; when 1 << L in the system of equations (50). 


Then the infinite system of homogeneous equations (50) is transformed into a 
Pinite system with nonzero solutions under the following condition 


= kz O OK 0 0 | 
ley yy 7 ko... 0 0 
2 2 
o 2sn x, Zax. . 0 0 
cS 
cy L a 
a ie on I We 
, L ‘J ‘el 
0 0 0 0.0 marke 


where M7 (k) is the determinant of the system. 
By expanding A(x) in terms of the elements of the last column we obtain a 
recurrent equation for 4,(k) 
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L2R2Z2 


Az (k) = ZAzp-; (k) — 1B! 


Ao (k) = Xo, 
Ay (ld) = ZoZ,—-5 HAD? 


7 Au-2 (R), when L> 2, 


t (55) 
| 


The smallest-positive root Kain of equation (54), which determines the asymp- 


totic behavior of the flux in various approximations Pre will be equal to 


L=1, kmin=y V320%4; 


L=2, boty Vsrriir gas 


= | 
L=3, enn ee 348 4a +e eon V B2+ 


4 — as 
V V+ aa ZoLa +3 Zod Ree 3 221 22Zs etc. 


Correspondingly 
Lal, G=-#, € te --f 2: 
boo 6 Wa Cbs JS 
3z,(1- a, ie ok fui 
ty) Xyda 
Cr(k)= — 3° sc, (k). Calin) = 


(j= = 


C1 (k); 
9 RIN 
Bea bes 35 YQUq. ) 
CSE FRC. ates, 


(56) 


— 


V0 1% = (+53) 


—~— 


(57) 


Thus the utilization of equations (54-57) establishes the asymptotic be- 
havior of flux (53) with an accuracy determined by the quantity $), which is 


determined by the source term dropped in equation (42) when IR >> 1. 


case of a point source the solution is rather complicated. 


In the 
Therefore we shall 


make use of the well-known solution for a plane isotropic source in an infinite 
homogeneous medium (refs. 13 and 14) and the Marshak theorum (ref. 7), which 
associates the solution of the problem for a point and plane isotropic neutron 


source in an infinite mediun, 


oy) 


n 1 fd py 
Fs(R)= —aig [EFi(2) | bad (58) 
Then according to references 13 and 1) and according to equations (43) and (58) 


ks AY) 


Dust — oe Rey (59) 


h—tmin 
where At (ix) is a derivative with respect to k' = k= of the determinant of sys- 


tem (54), and ky; is determined from condition (54), while 


1 kre 0 0 

0 e ko OO 0 

0 2a x 3 0 0 

ee Be. . 
AL(k) = : . . . 7 : . . ( 60 ) 

L—1| L 
get kB Me-1 pay RB 

0 oO 0 0 0 scat RE Dy 


The determinant AP (1c) satisfies relationship (55) when L 2 3, and when 
L=1andL=2 


AY (k) a Xi, 
At (kt) = ¥,2,— 4 ees, (60a) 


As a result of this, according to equation (59), 


é 
uy 
8 
tl 
| 
—? 


im 
a 
YyZ_Bg—-b A2Dd FB+G%s) (59a) 
1 5 7 3 
eg ESSE eee ee 
3 2 3T5 “043 "35 O14 35 Ahn J 
Distribution of Fast Neutrons in Iron / 4h 


The solution of the single velocity problem presented in the present work 
may be applied to determine the neutron detector count for a medium consisting 
of heavy nuclei, in the general case with a variable energy sensitivity of the 


detector o,(B). 
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The kinetic equation for the neutron flux (19) with energy E in the case 
of a source with a fission spectrum X(E) of power Qo, and under conditions 


where there is good justification for assuming that the inelastic scattering is 
isotropic, may be written in the form 


_,, OFT(R, Ey pe) pe) OF (RL EY) = 
OR Re Ph OF+(R, E, p) = 
—\ ac’ 42°. (F') F (ty E', E) F*(R, E’, p’) + 
BE = (61) 
I my ” ~~ Ala , 4 Ow E 
-F Am \ dE Lin (E pun Ff) FER, ‘ ’ p’) a ‘) ’ 


i 


where F(Mo, E', E) is the scattering indicatrix which, in the general case, de- 
pends on the energy; Yel and Zin are the cross section for elastic and inelastic 
scattering, respectively. 

When equation (61) is multiplied by the effectiveness of the detector o>(£) 


and subsequently integrated over the energy and expanded in terms of the Legendre 
polynomial, it is reduced to the following infinite system of equations 


f+l lt @ ee l 1 9 (NR 
20-1 ROR AR (REN) — oy er RO 5g Ret )+ 
oP SN ( dE on (F) ( dE’ Su (E") fil E’, E) F's (E’) + (62) 
to i 


+1, 9 | dE op (E) \ dl'Sin (El > £) P(E) +1, QoS fe -- 


0 . 


where 
ro 


Ni(R) = | op (E)F41(R, £) dE; 
Se: ( on(F)%(E) dE, 


while the subscript D represents the cross section which is averaged out over 
the neutron spectrum and detector sensitivity. For example, 


{ 0), (E) Ft (E)dE 


oT 


By introducing the concept of the cross section for removal from the re- 
gion of detector sensitivity, we have 


a. on 


§ 6p (E) Sin (E) F° (E) dE~\ dE oy (E) \ Zin (E! > E) Ft (E) dE’ 
St a eee eR eS eee (63) 
{ 0, (E) F*,(E) dE 
cf) 
§ oy (E) Zen (E) F*1 (E)AE—\ dE oy (E) \ Ser (E") fe (EE) Fe (E") dE" 
ll el, t =? wn 2 _-__- . 
§ on (E) F*, (E)dE (632) 
u 


(yB = re (yBOq) = removal 
The system of equations (62) is reduced to a system of single velocity equa- 


tions for N,(R): [45 
eo Gee ee eee l a8 
RET REE oR RON) — apy RO aR 
Ny, es 5 64 
Rist) t Erm Ni = 87, 0 PH, set) 
where 
Bip, C= aa el, deb ee in, wl’ 6y, ot Zt (1 sm 61, 0)- 


System (64) is identical to the system of equations (22) for ae when the source 
power is Qs and when we replace Xe by (2-50 6) and & by 2. while replacing 
3 


fy with the quantity 


ft=-. Seiwa (65) 


For the sake of simplicity in determining the cross sections a sufficient- 


ly high energy detector al (n, @) Na@4 was considered; the effective threshold 
for the fission spectrum is near 7 MeV (ref. 15). The energy relationship for 
the sensitivity of this detector was determined by utilizing data presented in 
references 16 and 17. 


Due to the high threshold of the detector most of the inelastically scat- 
tered neutrons are not detected. These neutrons form a composite nucleus, 
which basically leads to low energy neutrons approximately (5 MeV). Due to the 
process of a direct interaction of the falling neutron with several nucleons of 
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the nucleus-target high energy neutrons are generated which fall into the region 
of detector sensitivity. The cross section of this process (ref. 18) is approx- 
imately 10 percent of the cross section for inelastic interaction 


obn which is approximately equal to 1.4 b for iron in the case of the fission 


spectrum. (In this region the cross section of inelastic interaction in fact 

coincides with the cross section of inelastic scattering due to the smallness of 
the radiation capture effects (n, y) and due to the reactions (n, a), (n, p) and 
(n, 2n)). Therefore the cross section for inelastic removal under the threshold 


of sensitivity for the ay2t (a, a) Na? detector may be assumed equal to aos in 


= 1.26 + 0.14 b for iron. This quantity is in insufficiently good agreement 
with the experimental measurement of the cross section for inelastic removal 


under the threshold of sensitivity for the aye@t (n, p) Mg?! detector (the effec- 
tive threshold at the fission spectrum is approximately 4.6 MeV (ref. 15)), 
equal to 1.20 + 0.09 b (ref. 19). Due to the absence of reliable quantitative 
data the present work does not take into account the anisotropy in the direction 
ahead of the neutrons which are inelastically scattered during the process of 
direct interaction. Qualitative evaluations (refs. 18 and 20) show a slightly 
smaller degree for this anisotropy compared with the anisotropy for the elastic 
scattering of neutrons. The effect produced by this error may be considered to 
be sufficiently small. 


For the case of a median composed of heavy nuclei the indicatrix of elastic 
moderation may be represented in the form (ref. 21) 


F (Ho, E’, E) = @ (Mo, 1) 0 (LE — E’g (wo) I, (66) 
where g (4) =l1- 7 (1 - Mo) (M is the mass of the scattering nucleus); 
p (Ho, E') is the angular distribution of the elastically scattered neutrons. 
If we substitute the t-harmonic f(Ko; E', E) equal to fy (E', E) = if f(o, E', E) 
P, (Ho) AQ into equation (63a), we obtain the t-th harmonic for the section of 
elastic removal 

OFa, et, = LL — (tL —§) p70 + AP, (67) 

where coe = 1.96 + 0.06 b and o, (the values are presented in table 1) represent 
the integral cross section and the harmonics of the indicatrix for the elastic 
scattering, which have been averaged out over the sensitivity of detector and 
over the neutron spectrum (by utilizing data presented in references 20, 22 and 


23); B= é (1 - #1) is the mean logarithmic loss of energy during the elastic 


collision of a neutron with a nucleus of mass M; Ar is a correction for [46 
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the cross section of elastic removal taking into account the variation in the 
sensitivity of the detector as a function of neutron energy; in the case when 
we have a linear law governing the variation of sensitivity (beginning with 


some threshold energy Ep) 


on(E) =o) (E— Er), (68) 
This correction is expressed in the form 
\ Ft(E)dE 
AP = Eohep?o}, Bg ee a (69) 
\ oy (LE) Ft (Ey dE 


The magnitude of this correction is sufficiently small compared with the cross 
section of elastic removal (approximately percent). Finally, the problem of 


2k 


determining the at@? (n, %) Na“" neutron detector count in iron (Ep ~ 6 MeV; 
Op ~ 0.018 b/MeV) is reduced to the equivalent single velocity problem with 
parameters 0,., = 3.39 + 0.15 b (utilizing the data presented in ref. 23); 

Og = 2,06 + 0.21 b and using harmonics ee whose values are presented in table 


As 


According to the methodology described in section 2, by utilizing the con- 


stants described above we determine the moments bv, yn by means of equation (33), 


and from these we determine the characteristics of the angular moments A, > Vp 
a (36) (table 2). 


According to equations (35) and (41) the reading of a detector in an in- 
finitely homogeneous mass of iron (when utilizing the three moment approxima- 
tion of equation (39) for the angular relationship), when a point unidirection 
source of neutrons with unit power is placed into this medium, may be written 
in the following form in terms of source variables (R, ws) 


N(R, w) = Spe 8 (1+ w) +e 4 Ae cmp! 
, “RE : 16nR Y 2(1-Fp) aa ( * (70) 


poze. At, (ERM 7! gee F Aolk(ZR) 
Kerb pe eRe (heme || 


where the two last terms should be taken into account for those values of IR 
when the last term is positive, i.e., when DR 2 2, while k (IR) is determined 
from (40) and h(i) and 9, (k) are determined from (38) or from the graph in 


figure l. 
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TABLE 1. CROSS SECTION OF REMOVAL UNDER THE THRESHOLD OF SENSITIVITY 


FoR A1@! (n, a) na@*, 


D % 
t @ Te: > b fy 
0) 1.000 + 0.085 1.330 +°0.202 1.000 + 0.224 
1 0.828 + 0.085 1.795 + 0.273 0.774 + 0.173 
2 0.687 + 0.014 2.062 + 0.23 0.645 + 0.145 
3 0.545 + 0.013 2.330 + 0.277 0.515 + 0.117 
4 0.396 + 0.012 2.612 + 0.316 0.378 + 0.086 
5 0.256 + 0.00k 2.876 + 0.336 0.250 + 0.056 
6 0.163 + 0.001 3.053 + 0.357 0.164 + 0.037 


TABLE 2. CHARACTERISTICS OF THE ANGULAR MOMENTS . 


t | A,, em? vy, E, 

e) 0.0327 0.1198 0.6158 
1 0.03863 -0.1327 0.6037 
2 0.03945 -0.2727 0.6052 


The work of V. P. Mashkovich and S. G. Tsypin (ref. 25) describes an [47 
experiment on the measurement of fast fission neutrons by means of the 


A1®T (n, «) Na@4 detector in an iron prism (y = 7.86 gm/em3) from a wnidirec- 
tional radiating disk with radius a 12.5 cm lying in the plane Z= 0. In 
this case we can neglect the effects produced by the finite dimensions of the 
prism (approximately 38 x 39 X 5h mean free path lengths) and of the detector 
(less than 2 percent of the radiating disk area), as well as the angular diver- 
gence of the neutron beam ( approximately 5°). 


Taking into account equation (70) and the weak relationship k(R) when 
xR > 1, the contribution by the scattered part of the radiation (characterized 
by expression (70) with the exception of the first term, from each source point 
with coordinates Z = 0, x, » (x is the distance of the point from the center of 
the source; ~ is the azimuth angle), and the readings of the detector which is 
situated in the Z plane at a distance H from the beam axis, when = O and 
lu] 20. 7, may be written as 


—TV 4242 
Nyar{Z, H’ (x, @)] = ae. $y Ae (BV GET HAN! x 
x embod VZEP I | At A, (3 Ve e-ki rool eee ® teats 7 , (71) 
a 


(pac = di = distance) 


— 
because R = JZ? 4 H'2, where H' (x, 9) = /x2-oH x cos P + X*, 
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Finally, the reading of the detector with coordinates (Z, H) per unit area of 
the radiating disk withradius a may be represented in the form 


2F 


~XZ C 
Na (Z, fl) = +5 -|- aie | dxx \ dN pac [Z, H’ (x, )}- (72) 
ny 


When Z >> H', by utilizing (35) expression (71) may be transformed in the 
following manner 


i + 
Nyac (Z, HH’) eatin exp [ —3Z (1 ti oie 2) | D ie (1+ 


Sees aa a7 ok xp (— Gent me) ay (2)_ (+ He 
2z2 ~ BZA Tags Page (R) b-oga— (71a) 
HH" >) i-1 ee eae hg (k) ‘ 
~~" BZ exp (— be age -) a if eG EE 
Ce 3) 


Along the axis of the radiating disk, i.e., when H = 0 and 42 >> a, noting 
that k & 1, we obtain the following for the detector cout (72) 


Bian en Te oaees z 
Ng(Z, H=O)ee Sa ABS VBLDy (TEs) + 
Mt (Z) E_da2 wy (Z) 2Z = = 
+a LE Aig + oe 1) sie }H r tes Cae Ag (fe) eT B220—) x 
eee ere cee )i\+ (73) 
: 
+(1-R [ to () (vs — 1) — FP O22 (1 — ey —1 | + Bato) Bat _ 
Val 
—+ 27 att + 5 
i ae 
where &,(x) is the integral of the probability $,(x) = 7 J e-t* at, while the 
1 
0 


feta 


function B(x) = 


At short distances when £Z S$ 2, according to the remark pertaining to [48 
equation (70), it is sufficient to consider only the first two terms in expres- 


sion (73). 


The utilization of the asymptotic solution (53) when the neutron flux is 
represented, similar to equation (29) in the form 


F+(R, pw) oes ER, W) + FER, p) (74) 


(subscript as = asymptotic) 


leads to the following equation for the detector reading on the beam axis 
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mus LuakNMae 


MZ, Hm Oey 3! ty (2) (Ve), (75) 


where y(x) represents a function 


y(x)=(1-FACr+.. eae Als (-p—1)— 
—$hO(f— 3) ae YZ e722 Ey [kB (x — kZ)|— (75a) 


: Z2 Sy 
=3 (3hG—LAG+... ) E, es <P faCs = By (kBx) +... 


while the expressions for quantities k, %, C, in various P;-approximations are 


presented in the preceding section. 


Figure 2 makes a comparison of the experimental data presented in refer- 
ence 25 with the results calculated by means of equations (73) and (75) for the 
detector readings on the beam axis, referred to the detector count at the point 

= 3.7 em (H = 0) which is closest to the source. As we can see from this 
graph the behavior of the flux at large distances is described fairly accurately 


Ng in relative units 


Figure 2. Comparison of experimental and calculated data 
on readings of detector in iron along axis of beam: 0, ex- 
perimental values; 1, results of calculations using three 
moments; 2-4, results of asymptotic solution in the Pi; P, 
and Pz approximations, respectively. 
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by an exponential function, i.e., by F~ en 2/ Ar where Ar is some relaxation 
length. Let us compare the relaxation lengths of the neutron flux along the 
central ray of the beam corresponding to various curves in figure 2. The ex- 


perimental result is Nata = 5.7 + 0.3 cm; the result of calculations using the 
three moments is = 4.85 em, i.e., it differs from ke by approximately 15 
percent; the result of the asymptotic solution is wi = 3.8 cm; ne = 4.9 ecm; 


nae = 5.1 cm, i.e., it is described quite well by the relative variation in the 


flux with distance. For the purpose of comparison we present the mean free [49 
path length of neutrons »X = 3.50 + 0.17 cm. 


Let us consider the neutron flux distribution outside the central ray of 
the beam. Figure 3 shows the distribution of the entire neutron flux in plane 
Z = 38.8 cm, when a point unidirectional source of unit power with radiation 
directed along the Z axis is placed at point Z = 0, H = 0, computed by the 
method of moments in accordance with equation (70), with the utilization of the 
asymptotic solution for the P,, Py and P2 approximations (See eq. (53)). The 


difference in the results obtained by the method of moments and by the asymp- 
totic solution is rather high near the source ray and is smoothed out to some 
extent as we move away from it. For purposes of comparison figure 3 presents 
the distribution of neutron flux N, , (R) (subscript is = isotropic) from a 


point isotropic source with unit power at the point Z= 0, H=0. This distri- 
bution may be obtained by integrating expression (70) over dQ 
2541 ais 


, 1 A 2 
Nua(R) = 75 \ NR) de spa + ea 1 tae (ERY tem torn 


1 


—=h 


(70a) 
(u3 = is = isotropic) 

We can see that the distribution from a unidirectional source, at suffi- 
ciently large distances from the line of radiation direction, approaches the 
distribution from an isotropic source. This makes it possible to analyze the 

-R H 
behavior of the flux using the law e [reo ) i, where ),(H) is some relaxation 


length whose value approaches the asymptotic relaxation length for an isotropic 
source },, ,,, when H increases. For example, in the considered plane Z = 38.8 
? 


em in the region from H = 60 em to H = 70 em, the behavior of the flux from a 
points unidirectional source may be described by the following relaxation 


lengths: when using the method of moments Ay = 5-3 cm; in the asymptotic solu- 


tion al = 4.1 em; nP2 = h.Q cm; ree = 5.1 cm. 
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FY (Z = 38, 8 cm; H), neutrons/em* 


1" 
0 10 20 30 40 50 HcM 


Figure 3. Distribution of neutron flux in iron in plane 

Z = 38.8 cm from a point unidirectional source of unit power 
placed at point Z = 0 (H = 0), with radiation directed along 
Z axis: 1, calculations by method of moments; 2-4, asymp- 
totic solution in Pi; Py and Ps approximations, respectively. 


For comparison we present distribution from a point isotropic 


source of unit power at point Z = 0, H = 0, dot-dash curve. 


For comparison we present the asymptotic relaxation lengths for an iso-/50 
tropic source: according to the method of moments xX = 5.65; according to 


r, as 
> 
the method of spherical harmonics P1 = kek om; 2.2 = 5.4 em; P3 = 5.7 
r, as : ? “yr, as” 7° 2 ag oS et 
» 19 = 
em; he ue 6.3 cm. 


For the flux distribution from a unidirectional radiating disk with radius 
a when Z >> H > a we obtain the following approximate equation from (71a) 


a : a 


Na (Z, H)™ giae peters LC +e) (224) + 
5 a2 Z SI 
oceans girls (=Z" )+ (76) 
+ (114 $8 Wt —7 is aw Ce eee | + 
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oe ad [= to (Z, MH) — ay AO] £,(Z, ff) )|+ 
(12-402) 


Pear AL ae en () + 
+e (342s) gaa bmp ire Oe )+ 
[2 (5+ 3%p He esi ty —2] - I (Cr) nt Ae 
where I, (x) is a Bessel function with an imaginary argument; hj(k), @, (i) are 


functions of k(IR) which is determined from (40), where R = VZ2 +H. ‘The func- 
tion t,(Z, H) designates the following expression 


t,(Z, H)= Dik (Z)e ee § oe (a? Hy) | 1 (B+ 
ais [ as a 1p 2% tbe oR (ei) 4s eas 


+ [ge] CEE} tenon, 


When H >> Z > a we can neglect the dimensions of the disk and utilize 
equation (70) for a point source. When Z <a<H, by utilizing (71) and (72) 
we arrive at the following approximate equation 


ha, 2-3 


Na(Z, H) wget @ eM [2+ (1- site] 
x {lain a Cea in) Iy (Ba) + 
“es [5+ 7 a ar (+873 3 “out ir) git 12 (2a) + 
+ [174+ 9: wt ort SH (1 - - arn i) | ai Ai Iy (Za) +... b+ 
+ saa [em a — ay On(Z, H) | + (77) 


zZ2 


£(H) ho (8) .— Sip [22402 (1- sie 
+ ae e a r | ( iT? )| x 


x{fOte athe ~@G- =) | 1,(§12a) + 
si Pree at er 43 Gp 77 a 
— = (4 -|-3y, - ; -F A: | af ly ee 
% [3+6 7; oir (5+ 8 t8 RG ) pe haat eal |ain je 1 (E.2a) + --} 


where the function wi(Z, H) is defined by the following expression [51 


End 
oe, = (22-402) ES), 8 a 2b at 
o, (Z, H) = Di (Hye aie {[ ee du ( ] +349 )—4 Sips ] I; (2a) -j- 


9 a | In, EE (@—Z2) 3 Ey Nat bal 1 (772) 
+ [3 Dane © esl te (a Baar *)] 12(§,2a) + . 
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In figure experimental data (ref. 25) on the distribution of neutrons in 
different planes Z as a function of H are compared with the results of calcula- 
tions performed by means of equations (70), (76) and (77). 


The computed data agree well with experimental results with respect to the 
variation in the neutron flux distribution as a function of H. Some of the 
disagreements in the absolute values of the fluxes as Z increases may be ex- 
plained by the following reasons: 


(1) the application of approximation schemes utilizing three rather than 
more moments ; 


(2) a rather large error in the cross sections used in the calculation 
(~15 percent), for example: h = 0.61 + 0.09; in addition, when formulating the 
eross sections for this group of neutrons we did not take into account the var- 
iation of the spectrum as the distance from the source increased; 


3,7; H:0) 


No (2; H)/N, (2: 


Figure }. Comparison of experimental and com- 
puted data on readings of detector in different 
planes Z as function of distance to central ray 


E: T? experimental values for activity of in- 
dicator; solid curves, calculation by method of 


moments; vertical dot-dash curve shows boundary 
of beam. 
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(3) some idealization in the computation scheme of the experiment [52 


which we have mentioned above. 


In conclusion the author expresses his gratitude to 0. K. Malyugin for 


carrying out the numerical calculations. 


10. 


11. 
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APPLICATION OF THE METHOD OF "REMOVAL CROSS SECTIONS" TO ANALYSIS 
OF SHIELDING WITHOUT HYDROGEN 


D. L. Broder, A. A. Kutuzov, V. V. Levin and V. V. Frolov 


A rather convenient method for computing the three-dimensional distri- [52 
pution of neutron fluxes in shieldings which contain hydrogen is the method of 
removal cross sections (refs. 1 and By. 


The essence of this method, which is rather simple for the practical cal- 
culations of shielding, consists of finding the cross section of an element 
contained in the shielding which is equivalent to the cross section of neutron 
absorption in a group with an energy interval AE = E - Ein: This cross section, 


called the "removal cross section," is composed from the absorption cross sec- 
tion, from part of the cross section for elastic scattering and from a large 
part of the section for inelastic scattering. 


Elastic scattering by light nuclei affects the absorption of the fast i535 
neutron (its removal from the energy interval E - Exn)> both due to the drop in 


the energy of neutrons during the scattering act as well as due to the elonga- 
tion of the neutron path from the shielding caused by the change in the flight 
direction. For a heavy nucleus only the second factor is significant. Inelas- 
tic processes lead to a large drop in energy during a smaller nonisotropic 
scattering property of the neutron and therefore make a large contribution to 
the removal cross section when the initial energy of the neutron is sufficiently 
high. The calculation of the fast neutron flux in the case of a source which 
radiates a spectrum of neutrons, using this methodology, is carried out by 
means of equation es 

D(z) = \ S(E)D(E, Exp. 02) G(z) e~2rem(E) 1-0 2 dE, 


Enop 


(Subscript Hop = th = threshold) 


where S(E) is the spectrum of the source neutrons; Zrem is the removal cross 
section; D (E, Few 0.) is the three-dimensional distribution of fast neutrons 
in the energy interval E - Een when the initial energy is E; G(x) is a geomet- 


rie factor; z is the distance from the source to the point of measurement; @ is 
the volumetric concentration of the moderating hydrogen-containing medium. 


70 


We note that the applicability of this method is assumed when the follow- 
ing definite conditions are satisfied. 


1. The distribution of the neutron flux is computed in a medium consist- 
ing of a hydrogen-containing moderator, in which the substance which moderates 
the neutrons according to the removal cross section is distributed in a homo- 
geneous manner or in the form of slugs. 


2. The Layer of this moderator placed between the slug of the "removing" 
substance and detector, or (in the case of a homogeneous medium) the distance 
from the source to the detector, must not be less than a certain quantity 
ro (E, E.): Furthermore, in this case rg depends on the properties of the 


"removing" substance. This method may be used for smaller thicknesses, but 
the value of the removal cross section must be lowered. 


A direct application of the method of removal cross section for computing 
all groups of moderated neutrons is difficult in some cases, for example, in 
homogeneous mixtures, because the value of the removal cross section measured 
by means of a detector sensitive to slow neutrons may vary as a function of 
the homogeneous mixture composition. At the same time, this effect is sub- 
stantially less for fast neutrons. 


It has been proposed to compute the fluxes of neutrons formed as a result 
of the moderation of fast neutrons by applying the age approximations (refs. 3 
and 4). The sources of moderation consisted of a three-dimensional distribu- 
tion of a fast group of neutrons computed by the method of removal cross 
sections. 


References 4 and 5 assume that if we neglect the question concerning the 
buildup of neutrons with small energies, we can attempt to transfer the method 
of utilizing removal cross section to a medium which contains light moderators 
in place of hydrogen. In these references a moderator of this type consisted 
of boron carbide in a mixture of iron and lead. The removal cross sections of 
iron, lead and water were measured when these were uniformly mixed with boron 
carbide and also when they were placed into the latter as slugs. It turned out 
that the removal cross section of these substances in boron carbide, measured 


by the fission chambers with mo3¢ and ye coincide and are close in magnitude 
to the removal cross section of these substances measured in water. 


The present work presents additional experimental data which prove that it 
is possible to generalize the method of removal cross sections and apply it to 
heavier moderating media. In these experiments the moderating media consisted 
of aluminum. Neutron sources with E = 4 MeV and 14.9 MeV were used. The re- 
moval cross sections of iron and lead in boron carbide were also measured with 
a neutron fission spectrum and a removal cross section of iron with the spec- 
trum of the VVR reactor (ref. 6). 


7 


Experimental Setup 
The sources of neutrons consisted of the D (d, n) He3 reaction with [55 


initial neutron energy of E = MeV, T (da, n) Het (E = 14.9 MeV), anda yo3? 
disk placed on the beamof thermal neutrons removed from the reactor of the first 
atomic electric power station in the world. 


The sources had the form of disks with a diameter of 10 mm for sources of 
single energy neutrons and a diameter of 46mm for sources of the fission 


spectrum. 


Fast neutrons were detected by means of a Th-3e fission chamber. A de- 
tailed description of the detector is given in references 4 and 5. The geome- 
try of the optics is similar to the one described in reference 5. The aluminum 


prisms were made up from sheets with dimensions 1000 X 1000 xX 10 m3, The iron 


and lead plates had dimensions 710 xX 710 X 10 mn> and were used to make up 
slugs with a thickness up to 100 mm. The tanks with water, prisms from poly- 
ethylene and plexiglas had transverse dimensions of 1000 mm. Measurements in 
the VVR reactor were carried out using a barrier geometry. The geometry of 
this experiment is described in detail in reference 6. In these measurements 
an analysis was made of the effect of y-rays and of slow neutrons on the count 


of the Th°3¢ fission chamber. Their effect was eliminated by using filters 
made of lead and boron carbide. 


Measurements and Results 


Figures 1 and 2 show the measurements made by means of the T°32 fission 
chamber of the attenuation of fast neutron fluxes in aluminum and in uniform 
mixtures of aluminum with iron and lead, using neutron sources of E = ) and 
14.9 MeV. Similar measurements were carried out for assemblies from aluminum 
in which blocks of iron, lead, plexiglas (C5Hg05) and polyethylene (CHj) were 


placed between the source and the detector and also in uniform mixtures of 
aluminum with plexiglas. On the basis of these measurements calculations were 
made of the removal cross sections for iron, lead, polyethylene and 59 
plexiglas in aluminum (figs. 3 and 4). The results of measurements using fis- 
sion neutron spectrum in boron carbide, in wniform mixture of boron carbide 
with iron and lead and in boron carbide with iron slugs of thickness 100 mm are 
shown in figure 5, and the removal cross sections for iron and lead computed 
from these data are shown in the table. 


The results of the measurements using the VVR reactor in graphite with a 
mixture of 7 percent boron by weight, and in boron-treated graphite and in 
water behind the iron layer are shown in figures 6-8. The broken line shows 
the attenuation of neutrons obtained from calculations in which the value of 
the removal cross section was assumed to be equal to 0.168 em for measurements 
in water and 0.154 cm for measurements in the graphite treated with boron. 


72 


1g Grr? 


D\—o 1 | — zy 
| | : ; 
-] | 
~2 -3 
Qo 10 20 50 40 50 60 70 =7,cmM 


Figure 1. Three-dimensional distribution of fast neutrons 


measured by means of Th°32 fission chamber (for left ordi- 
nate E = 14.9 MeV, for right E = 4 MeV): O, in aluminum; 
@, in a uniform mixture with iron (the thickness of iron 
layers was 2 cm and of aluminum layers 9.5 cm); @, alu- 
minum behind iron slug with thickness of 10 cm. 


Figure 2. Three-dimensional distribution of fast neutrons 


measured by means of moe fission chamber (for left ordi- 
nate E = 14.9 MeV, for right E = 4 MeV): O, in aluminum; 
®@, in uniform mixture of Pb with Al (thickness of lead 
layer was 2 cm and of aluminum layer 9.5 cm); @, in alu- 
minum with lead slug of thickness of 10 cm. 
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Figure 3. Variation in removal cross section of iron and lead in 
aluminum for neutrons with energies E = 4 MeV and 14.9 MeV; @, 
as function of distance between source and detector in uniform 
mixtures; O, as function of distance between slug of the re- 
moval material and the detector. 


Discussion of Results 


The table presents removal cross sections for neutrons of the fission 
spectrum and for single energy neutrons with E = 4 and 14.9 MeV measured in 
water, boron carbide and aluminum. The removal cross sections measured in the 
present work as well as those obtained by other authors are presented. From 
the comparison of quantities presented in the table and from the examination 
of results shown in the figures we can draw the following conclusions. 


1. The method of removal cross sections is applicable to the calculation 
of shieldings in which other light media such as boron carbide or aluminum are 
used as moderators in place of water. 


2. The magnitude of the removal cross sections for most of the investi- 
gated substances depends very little on the selection of the moderator medium. 
Thus for the spectrum of the VVR reactor the removal cross section of iron in 
graphite treated with boron is 10 percent lower than during measurements in 
water. However, this discrepancy does not exceed the measurement errors. 


We should note that in principle it is also possible to use the method of 
removal cross sections when we have a very heavy moderator. However, the 
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Figure 4. Variation in removal cross section of polyethylene 
and plexiglas in aluminum for neutrons with energies E = 4 MeV 
and 14.9 MeV: O , polyethylene, obtained from measurements in 
slug geometry (thickness of polyethylene slug was 11.1 em) ; 
®@, plexiglas, obtained from measurements in slug geometry 
(thickness of plexiglas layer was 12.4 cm); and in uniform 


| 
mixtures; @, thickness of plexiglas layers 1 cm; “o> thick- 


ness of plexiglas layers 2 cm; @, thickness of plexiglas 
layers 4 cm. (Subscript re = removal.) 


variation in the removal cross section as a function of the atomic number of 
the moderator is weak when the atomic weights of the moderator are relatively 
small (at least up to A = 27), and this leads to a substantial decrease in the 
removal cross section when the atomic weights of the moderator are very high. 
Thus the removal cross section of iron measured in H50 for neutrons with energy 


MeV is equal to 0.168 cm, whereas the same cross section measured in a mod- 
erator of iron (the quantity inverse of the relaxation length) is equal to 
0.132 em. In addition, the removal cross section in a heavy moderator may de- 
pend substantially on the energy threshold of the detector used to measure 
this cross section. 


3. Both in the uniform mixtures and in the slug geometry the removal 
cross section becomes saturated with relatively small distances ro. 


4, In boron carbide as well as in water measurements made with the de- 


tector of the chamber with yrs type give a value for the cross section equal 
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Figure 5. Three-dimensional distribution of gas neutrons 
from neutron source of fission spectrum in boron carbide 
pehind iron slug (a) and in uniform mixtures of boron car- 
pide with lead and iron (b): 1, in boron carbide; 2, in 
boron carbide behind iron slug; 3, in uniform mixture of 
boron carbide with lead; 4, in uniform mixture of boron 


carbide with iron. 


to that measured by means of threshold detectors for fast neutrons --Th@3@ 
chamber. 


5. At a sufficient distance, greater than rp, the removal cross sections, 


measured in a uniform mixture and in slug geometry, are close. 


6. The quantity, which is the inverse of the relaxation length, at suf- 
ficiently large distance from the source is equivalent to the removal cross 
section.of the given material in the material itself and for light media, as we 
can see from the table. Such a quantity must be close to the removal section 


of this material in other media. An ‘exception to this is the quantity ine for 


graphite with neutron energy 14.9 MeV. Apparently such exceptions are possible 
in media with large "dips" in the total cross section at energies smaller than 
the initial energy of the neutron. In the cross section of carbon such a dip 
is observed at an energy of 6.7 MeV. The removal cross section measured in 
such media at large distances from the source must correspond to the energy at 
which we have a dip in the cross section of the moderator. This apparently 
explains the abnormally large relaxation length in graphite for neutrons with 
an initial energy of 14.9 MeV. The reciprocal of the relaxation length in 
graphite for E = 14.9 MeV is equal to 0.0416 em, and the cross section for the 


removal of graphite in water is 0.077 cm. 
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Figure 8. Three-dimensional distribution of neutrons from 
spectrum of VVR reactor in water behind layer of iron with 
thickness 46 em (barrier geometry): —- ———-— computed 


for iron Z,, = 0.168 emt); ____, obtained experimen- 


e 
Eerie On SEL suevS counter (tobe Piueae yee 
(fast neutrons). L 


7. (QThe practical application of the method of removal cross sections /60 
for computing the distribution of a fast neutron group with a low lower boundary 
of the group, with values of removal cross sections obtained for measurements in 
water, is possible only when a light moderating medium is present. An example 


of this is the sufficient discrepancy between the quantities ‘ie 


and & for 
e 
iron and lead. — = 


8. When a light component is absent in the shielding the application of 
the method is possible, if we know the removal cross section of the material in 
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the given medium or if the lower boundary of the energy group is sufficiently 
raised. Apparently it is possible to select a boundary energy such that the 
removal eross section of a given material will not depend on the composition of 
the medium situated behind the removing material. 


The author expresses his gratitude to V. P. Bogdanov, S. G. Osipov, G. V. 


Rykov, V. S. Tarasenko and A. I. Chusov, who participated in making the meas- 
urements. 
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EXPERIMENTAL JUSTIFICATION FOR THE MULTIPLE GROUP METHODS IN THE 
COMPUTATION OF BIOLOGICAL SHIELDING 


D. L. Broder, A. P. Kondrashov, A. A. Kutuzov, V. A. Naumov, 
Yu. A. Sergeyev and A. V. Turusova 


Introduction [60 


The calculation of biological shielding is associated with the determina- 
tion of three-dimensional energy distributions of neutrons in media containing 
light and heavy nuclei. A series of methods has been developed which in some 
manner or other are based on the solution of the kinetic equations. We may men- 
tion such numerical methods of solving the three-dimensional energy problem as 
the polynomial method (ref. 1) and the method of solving the single velocity 
ae in the Po-approximation which has been developed for heavy media (ref. 
2). 


However, the first method, which can be applied to any medium in princi- 
ple, requires cumbersome computation work and therefore is not applicable to 
the practical calculation of shielding. The second method, presented in refer- 
ence 2, does not take into account the moderation of neutrons due to elastic 
collisions with nuclei and for this reason can be applied only to the calcula- 
tion of heavy media. 


References 3 and 4 propase ananalytical method for solving the energy [61 
problem which utilizes the calculation of a group of fast neutrons by the semi- 
empirical method of "removal cross sections" with subsequent estimation of mod- 
eration in the age approximation. This method is interesting, because it auto- 
matically takes into account all of the processes which lead to the moderation 
of fast neutrons including inelastic scattering and moderation due to elastic 
processes into the energy region below 1-1.5 MeV, where the inelastic processes 
for most of the nuclei begin to play a secondary role. The shortcoming of this 
method is that it can be applied only at large distances from the source in the 
region of an equilibrium spectrum. 


In the present work an effort is made to verify experimentally the method 
which can be used to calculate the three-dimensional energy distributions of 
neutrons at any distances from the neutron source. Two methods of solving the 
problem are considered: the 10-group and 7-group method in a diffusion and 
age-diffusion approximation, respectively. The applicability of approximations 
of this type to calculating shielding is not obvious when strong absorption is 
present. Moderation by hydrogen also complicates the applicability of these 
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methods to a significant degree. We should note the case when the thickness of 
the layers is small, which limits the possibility of applying the given calcula- 
tion methods. When the neutron energies are high, it is also important to bear 
in mind that the scattering of neutrons by most of the medium and heavy nuclei 
is nonisotropic. However, there is a series of circumstances which permits us 
to hope that the prospects of applying these methods are favorable. Factors of 
this type should include the large contribution of inelastic processes when the 
neutron energies are greater than 1 MeV. 


The scattering of neutrons during inelastic collisions is isotropic, and 
the nonisotropic nature of elastic scattering may be compensated for by intro- 
ducing the transport scattering cross section. At lower energies the elastic 
scattering becomes more isotropic. The absorption processes begin to play a 
large role only in the lower groups. On the basis of these statements an ef- 
fort has been made to substantiate the applicability of these methods of calcu- 
lation experimentally. 


The 7-group method was developed for the purpose of introducing certain 
corrections and improvements in the calculation of fast neutron groups. The 
basic idea consists of assigning a three-dimensional distribution of a fast 
neutron group with energy E> 1.5 MeV, using the semiempirical method of "re- 
moval cross sections" with subsequent calculation utilizing the age-diffusion 
approximation. 


As we know, the age model is insufficiently convincing for a medium con- 
taining hydrogen. However, it is shown in reference 5 that the difference be- 
tween the results obtained by carrying out the calculations by means of the age 
approximation and the results of the exact solution even for water at distances 
from the source, where the age consideration is valid, does not exceed 30 per- 
cent. This situation makes it possible for us to hope that the results of our 
calculations will be favorable. 


The refinements made here pertain therefore only to groups of neutrons 
with E> 1.5 MeV, which as a rule determine the three-dimensional distribution 
of neutron fluxes. Both methods of calculation were applied to the calculation 
of three versions of shielding of relatively small thickness with and without 
boron. Boron was introduced for the purpose of investigating the questions of 
the applicability of the diffusion and the age-diffusion approximations to the 
calculation of shieldings with different absorption of neutrons in the thermal 
and above thermal regions. These same versions were investigated 
experimentally. 


The simplicity of the calculation method according to the initial scheme 
should have provided for a small number of energy groups. However, the path 
from a large number of groups to a small number appears to be more natural. It 
is for this reason that the7- and 10-group systems of constants were developed. 
At the present time we are completing work for the contraction of a 10-group 
system of constants down to a 3-group system. Work is also being carried out 
to refine the computation technique by applying the Pj-approximations. This is 


particularly important in the region where we have groups of fast neutrons 
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which determine the three-dimensional distributions at large distances in the 
shielding. 


Selection of Groups in the 7- and 10-Group Methods 


The breakdown of the energy region into groups is shown in the table. [62 
As we can see from the table, the region of fast neutrons, E > 0.7 MeV, which is 
most important from the point of view of a correct determination of the place 
where neutrons are absorbed in the shielding (and consequently the determination 
of the three-dimensional distribution of capture radiation sources), is broken 
down into four intervals. The boundaries of the groups in this region are se- 
lected in such a way that the transverse scattering cross section of hydrogen, 
nickel, iron, chromium and lead change very little within the limits of each 
group. When the groups are selected in this manner the neutrons generated dur- 
ing fission are distributed rather uniformly over the groups. This makes it 
possible to take into account the leakage of neutrons from the reactor more ac- 
curately. The uppermost group covers a region of energies from } MeV to ™. A 
more detailed breakdown of this interval is not expedient, because there is a 
relatively small amount of data on the transverse cross sections of inelastic 
scattering and on the angular distribution of scattered neutrons for this re- 
gion of energies. The lower boundary of the region of fast neutrons approxi- 
mately coincides with the threshold of the inelastic scattering of the elements 
which have been mentioned. 


The next region of intermediate neutrons from 40-700 keV contains two 
groups and one group from 1-hO keV. This is a transient region from the moder- 
ation mechanism which takes place by inelastic scattering to the moderation 


10-Group method | 7-Group method 
Group Lower level of Neutrons Group Lower level of Neutrons 
No. group in eV No. group in eV 
1 4-106 1 1.5+106 Fast 
2 2.5 -10° Fast 2 9°10? 
3 1.5°10 3 4.5109 Intermediate 
Ty 7°10 y 3°103 
5 3°10 Intermediate 5 3-3 Resonance 
6 i,-104 6 Epound 
7 1-103 7 0) Thermal 
8 6.7 Resonance 
9 Ebound 
10 10) Thermal 
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mechanism resulting from elastic processes and is also a transient region from 
the spectrum of fast neutrons to the Fermi spectrum. The lower boundary of the 
second group in this region (40 keV) is selected as the energy for a definite 
establishment of the Fermi spectrum. Three groups are isolated below 4O keV up 
to the arbitrary boundary of the Maxwellian spectrum. Two of these are situated 
in a region where there is a significant probability for resonance capture. 

This is an energy region with the Fermi distribution of neutrons. An exception 
to this is the ninth group where the spectrum may differ from the Fermi spectrum 
to a large or small degree due to the increase in the probability of the neutron 
absorption processes. It was assumed that the neutrons which are moderated be- 
yond the lower boundary of the ninth group are in thermal equilibrium with the 
medium and thus represent the thermal group. 


In the 7-group method, the group of fast neutrons with E > 1.5 MeV was conm- 
puted on the basis of the "removal cross sections" method. The remaining groups 
also differ slightly in the selection of the energy boundaries. However, the 
basis of this selection is the same as for the case of the 10-group method. 


Neutron Spectrum in the 10-Group Method 


Fast Neutrons (0.7 MeV< E< ©). It was assumed that the fast neu- /63 
trons in the active zone of the water reactor and outside it have the spectrum 


iE’ 


-i\ 3 # 
é Xctrs I 


\ E(E)X(Ee dE! (1) 
0 (6) = 2 ___., 4.26), 


co 


where x(E') is the spectrum of fission neutrons; 2, Z,, € are constants for 
H50. In the first two upper energy groups this spectrum pragtically coincides 


with the fission spectrum. The constants are averaged out over the spectrum 
(1) for all elements. 


Intermediate and Resonance Neutrons (E,oyunq < E < 0.7 MeV). It was as- 


sumed that the spectrum of moderated neutrons in some medium containing a 
three-dimensional energy distribution of neutrons is formed by the medium it- 
self. Apparently this assumption is valid if the neutron in a given medium 
travels several free path lengths. If the medium has small dimensions (less 
than the free path length), this assumption does not lead to substantial errors 
due to the small number of interactions with the medium. Since expression (1) 
assigns a spectrum in hydrogen, the cross sections for hydrogen and for the as- 
sociated oxygen, carbon(for media CHo, Ho0, C5H802) were averaged considering 


the "weight" of spectrum (1) flux. In the ninth group the form of the flux was 
computed from the expression . 


8h 


I 
D(E)= ye (Peep (2) 
For all media when absorption was small (Z,/Z5 << 1) the variation in the flux 


as a function of energy was taken as specified by the equation 


. i (3) 
D (2) = aye 
and in the case of strong absorption as specified by equation 
1\ Me 1 Ley2 
(BE) = oho Ma) 3 G8) a 
Ex 


Spectra (1-4) were borrowed by us from references 6 and 7. 


Initial Equations and Group Constants for the 10-Group Method 


A system of group constants was constructed as it applies to the diffusion 
equation, which may be written in the following form for group j 


DVD; — Xj; + SP" + $4, =0, (5) 


where e, = f $(E) dE is the integral flux of neutrons in a group with width AE 5; 


AE; 

1 J 

Dj = Fen; is the diffusion coefficient; x; = X65 + Xing + 23 + Xe, is the 
10 

total cross section for removal from group j; Sei Dey Eng = > Sik and 

10 h=j+1 
X4,= >! ,,, are the cross sections of absorption, fission, inelastic and elas- 

h=zj+l 


. is the transport cross section; 


trj 
a it 
Sr Oa ee) is the source in the group due to the moderation of /64 
hoi 10 


J 


tic removal for group j, respectively; 2 


neutrons; Syj= > (v/E))nMr \ x(E)dE is a source in the group due to fission. The 
h=1 SE; 

macroscopic group cross sections are obtained in terms of the respective micro- 

scopic cross sections Fq5? Ting? Op 5 and others. The group microscopic cross 


sections were determined in the following manner 


oej= | D(E) [ony (E) + Gua (E)+ ony (EN AE] | (E) dE; (6) 


AL; ARy 
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= \ (E)o;(E) dE / \  (E) dE; 


SE; Ab; (4) 
Gig \ {on (E. F')@(E) dE dé’ | ( (E)dE,: 
ak, AE; ak; (8) 


where AE, is the width of a group into which a neutron passes as a result of 


inelastic scattering. 


The cross section of elastic removal from group to group was computed 
by means of an equation analogous to (7). If we note that elastic scattering 


takes out neutrons from the interval whose width AEy = E,in 1-a/o (E,4, is the 


lower boundary of the group; @ = (A-1/A+1)*) for heavy elements is substan- 
tially less than the width of the group, we have the following expression in 
the case of elastic scattering 


$os%q (u)_ 


\ O(u) du’ (9) 


Ak; 


Osjojti = 


where &,(u)du is the average flux over the width 4E,, reduced to unit lethargy, 


while 
B = & (1 - cose), where &) = 1 + @/1-a In @. 


The diffusion coefficient was computed in terms of the quantity 1/opy 

§ @(E)dE/o;, (E) 
a (10) 
Geri { @(E)dEé , 


where 01 (E) = Gpy(E) + Onp(E) + Ona (E) + 6/(F)+65(E)(1—p) 4+-6in5(E) + The variation in 
the microscopic cross sections as a function of energy is taken from references 
8 and 9. The group equations (1) written in the finite difference form were 
solved numerically by difference factorization. The calculation procedures have 
been presented in detail by G. I. Marchuk (ref. 10). 

The calculations were carried out using plane geometry, because the experi- 
mental assemblies were added on towards the end of the reactor. We should point 
out that leakage of neutrons from the active zone and from the end screens was 
taken into account by introducing the term “=D into the total group cross sec- 


AVS a \3 
tion where x? = (A) for the active zone and “2 =() +(#)*for the screens 
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(R, a, b are the equivalent radius of the active zone and the transverse dimen- 
sions of the screens, respectively). 
Results of the 10-Group Calculations 

The results of calculations made by the 10-group method are repre- /66 


sented in figures 1-3, where a comparison is made of cu63 copper foil activa- 
tions by thermal neutrons Qp, above thermal neutrons Qa and the total activa- 


tion Q = Qp + Quer * 
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Figure 1. Spatial distribution of copper foil activations 
T 
in active zone and in shielding (version No. 1): @ for 
total activation (experimental results); T for activation 
foils in cadmium cases (experimental results); X, for ac- 
tivation by thermal neutrons--cadmium difference (experi- 
mental values); 1, total activation computed by 10-group 
method; 2, cadmium difference according to 10-group method; 


3, activation of copper and cadmium computed by 10-group 
method. 
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The values of activations were determined from the group cross sections of 


63 


copper activation =e by means of relationships 


wo 9 
Qu = ) @(E) 2°" (2) dE = Y 304 — Qh; 
Eca =f 
Epp 
Qr= } D(E) Me" (L) dE = gE" +O. 
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Figure 2. Spatial distribution of copper foil activation in 


J 
active zone and in shielding (version No. 2): @ for total 


activation (experimental values); 9 for activation of foils 


in cadmium cases (experimental values) ; Se for activation by 


thermal neutrons--cadmium difference (experimental values); 
1, total activation computed by 10-group method; 2, cadmium 
difference according to 10-group method; 3, activation of 


copper in cadmium computed by 10-group method. 
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The energy of the cadmium boundary E,, ™ 0.4 MeV) does not coincide with the 
boundary energy of the thermal group (E,ouna = 0.17 eV); therefore the activa- 
tion of the interval 0.7 eV < E < 0.4 eV by neutrons must be added to the quan- 
tity 4, 70u®3, The quantity Qp was computed on the basis of spectra obtained 


in the 10-group calculation and partially on the basis of expressions (1-4) 
mentioned previously. 


Analogous calculations whose results agree well with experiments were 
earried out for the activation distributions of indium foil from a point /6T 
neutron fission source in water and for the Th23¢ fission chamber count from a 
source of monoenergetic neutrons (E = 4 MeV) in iron. 
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Figure 3. Spatial distribution of copper foil activation in 
active zone and in shielding (version No. 3): $ for total 
activation (experimental values); 4 for activation of copper 
foils in cadmium cases (experimental values); SK for activa- 
tion by thermal neutrons (cadmium difference) eee mene 
values); 1, total activation computed by 10-group methods; 


2, cadmium difference according to 10-group method; 3, ac- 
tivation of copper in cadmium computed by 10-group method. 
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Initial Equations and Group Constants of the 7-Group Method 


The three-dimensional energy distribution of neutrons in an age-diffusion 
approximation is described by the following system of equations: 


VD,VD, — SpenG,= —S  (14)--equation for the first group; 


OE DVM + Nt = 0 (15)--equation of moderation for the 
second, third ... (m-1) groups; 


VD,VD, — SepDy = —G(r, us) (16)--equation for the thermal group, 


1 
where q (u) = (62+ y=.) $ (u); S; are the fission sources; D = is the 
= ie J tr 
diffusion coefficient; 2, is the capture cross section. 


By using simple transformations the system of equations (14-16) for any 
j-th group expandedin the interval of logarithmic energy Y5-1-4; is reduced 
to the form 


DWVO,— ND, = —S§, Gzzlo... : 
i j Pej i Gel, ,m) (17) 


This equation for the first group of neutrons with E > 1.5 MeV was solved only 
for the active zone. In the shielding the distribution of neutron fluxes with 
this energy was obtained from experimental data. It was assumed that in the 

interval u,_,-u, the function q (u, r) is approximately equal to its value at 


the end of the interval when the logarithmic energy is Us: 


In this case 


[ D, when j=1; 
uy 
| ‘ d : 
a I (Uj 1) Kay \ exer ya = (Ms r)py f=2,...,m—],; 
Uj-4 
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The cross section for removal from the group is equal to 


f 4 when j=]; 
uy 
ee ¥ 1 Pi (uj) v1 : . 
Yynj = [ \ ESTP Pj (u) du | j= 2, ooo, MH 1; 
“j-t 
er j=m, 


where 


u 


Z J aa 
P;(u)=e “it 


The discharge of neutrons from a given group j includes the transition into /68 
the group j + 1 due to elastic scattering and absorption of neutrons in the 
given group 


f Syj= a for active zone j=l; 
Sj 0 for shielding screens; 
mod : 
Sj=} Sj = P;(u;) 2,10. Dj-~= SynMjy for j=2,...,m—1; 
mod 
Sj = 2! j= m; 
: Hint for j=mM, 


However, we should point out that calculations utilizing both the diffusion and 
the age-diffusion approximations have significant shortcomings. Basically these 
shortcomings are associated with the impossibility of describing the behavior 
of fast neutrons at large distances from the source. Therefore the solution of 
equation (14) cannot be utilized for the computation of the distribution of all 
intermediate neutrons. The fast group can be assigned more accurately either 
by solving the kinetic equation in the Pp or P. approximation, or by obtaining 


the "removal cross sections" by means of the semiempirical method or from the 
experimental relaxation length. 


The fast group was assigned in the following manner: the active zone was 
broken down into a series of elementary volumes, each of which was considered 
as a point source with the fission spectrum. The attenuation of neutrons in 
the water of the active zone and in the plexiglas between the steel screens 
was taken from the attenuation curve for the fluxes of fast fission neutrons 
in water, as presented in reference 1. Experimental data for relaxation length 
(ref. 2) was utilized for the attenuation of fast neutron fluxes in steel and 
in lead. 


It was assumed that in the polyethylene, which is placed behind a suffi- 


ciently heavy layer of iron, the attenuation of fast neutrons takes place with 
a relaxation length of 5.2 cm (ref. 11). By adding the fluxes from all of the 


gl 


elementary volumes of the active zone, the distribution of fast neutrons with 
energies greater than 1.5 MeV was obtained, which served as the source for the 


first intermediate group. 


Figure 4 shows the three-dimensional energy distribution computed by seven 
groups for a spherical source. 


A comparison of measured and computed copper foil activations by neutrons 
of all energies is shown in figures 5 and 6. 


The copper foil activation cross sections were averaged out inside each 
group as in the 10-group method (see equations (11-13)). However, it was 
assumed that inside the group # (u) = const. 


Experimental Setups and Detectors 


The experimental verification of the method employed in these computations 
was carried out utilizing a critically assembled reactor with water moderator. 
The active zone was assembled from rods with uranium enriched with the 235 
isotope. The rods were placed in a tank with distilled water. The active 
zone was put together in a hexahedral tank with a 27.4 cm side; the height of 
the zone was 62.6 cm; this tank was placed into another tank which was also 
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Figure 4. Distribution of various neutron groups computed 
by 7-group method: 1-7, numbers of neutron groups. 
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Figure 5. Three-dimensional distribution of copper foil 
activations in active zone and in shielding (version 


No. 3): ; for total activation (experimental values), 
? for activation of foils in cadmium cases (experi- 
mental values) K for activation by thermal neutrons 


(cadmium difference) (experimental values); 1, total 
activation computed by the 7-group method; 2, cadmium 
daifference according to 7-group method; 3, activation 
of copper in cadmium, computed by 7-group method. 


hexahedral with a 50 cm side and the internal tank was filled with water. 

The interval between the external and internal tanks was designed to accom- 
modate the side water reflector. The lower reflector consisted of the test 
screens. These screens, as well as the assembly simulating the reactor vessel 
and shielding were placed on a special lifting device and during operation /72 
were moved flush against the bottom of the water tank which contained a criti- 
cal assembly. Figure 7 shows the schematic of the installation. 


The distributions of neutrons were measured for three versions of the lower 


reflector. The assemblies which simulated the screens, the vessel and the 
shielding were put together from sheets Of 1Kh18N9T stainless steel, No. 3 steel, 
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plexiglas, polyethylene, boron steel and lead. The dimensions of the plates 

were as follows: plates from boron steel were 550 X 600 mm with a thickness of 
10 mm, plates from stainless steel had a hexahedral form with a 460 mm side and 
a thickness of 15 mm. Plates made of plexiglas also had a hexahedral form with 
the same dimensions as those made of stainless steel. Polyethylene was assembled 
from plates of rectangular form with dimensions 930 X600 m. Plates of No. 3 
steel and of lead were of rectangular form and had dimensions of 660 X 710 mm 
with a thickness of 10 mm. The composition of the experimental assembly for 
each version is shown in the figure showing the corresponding experimental 


results. 


The measurements of neutron fluxes in the assemblies were carried out by 
measuring the activity of copper foils induced by the neutrons. The foils had 
the shape of circles with a diameter of 20 mm and a thickness of 0.2 mm. The 
weight of individual indicators was checked by weighing them on an analytical 
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Figure 6. Three-dimensional distribution of copper foil 
activations in active zone and in shielding (version 


No. 1): é for total activation (experimental values); 
° for activation of foils in cadmium cases (experi- 
mental values): experiment for activation by thermal 
neutrons (cadmium difference); 1, total activation com- 
puted by 7-group method; 2, cadmium difference according 


to the 7-group method; 3, activation of copper and 
cadmium, computed by 7-group method. 
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Figure 7. Schematic of experimental setup: 1, walls of 
internal and external tanks of active zone; 2, plate 
which held active zone; 3, plexiglas. 


balance. The difference in the weight of individual foils did not exceed 1 
percent. Measurements were carried out using foils contained in cadmium cases 
with wall thickness of 0.5 mm and also with foils not contained in cadmium 
cases. The indicators were placed between the sheets of materials used in 

the assembly and then into the cavities of special inserts placed into chan- 
nels at half the thickness of the plexiglas which was situated in the layers 
between the screens. The indicators were placed along the vertical which 
passed through the center of the critical assembly. The activity of copper 
foils was measured by means of an end Geiger-Muller counter with a mica window. 


The pB-decay of the cub isotope resulting from the reaction cuo3 (n, vy) cub 
was recorded. The activity of the indicator produced by the isotope (Ty fo 


12.8 hr) was isolated by analyzing the indicator decay curve. The intensity 
of indicator count was measured for a period of 72 hr. Each time its activ- 
ity at the instant of reactor stoppage was computed from the measurements of 
the B-activity decay of the indicator. The reactor power was controlled by 
means of a boron counter. All measurements were recomputed to correspond to 
the same reactor power. 


Result of the Measurements 


Measurements were made of the three-dimensional distributions of ther- [3 
mal and intermediate neutrons in three experimental assemblies of screens and 
shielding along the axis of the active zone. Thermal neutrons were measured 
with copper indicators and a U 3) fission chamber, and in the experimental 
assemblies they were measured by means of copper indicators. Intermediate 
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neutrons were measured in the assembly by means of copper indicators contained 
in cadmium cases. In these measurements the indicators had the form of circles 
with a diameter of 7 mm and a thickness of 0.07 m. 


The three-dimensional distributions of neutron density were measured in 
three versions. The computations were made for these same versions as indi- 
eated above. The results of the experiments are shown in figures 2-5, together 
with the computed data. The dots in figures 2 and 4 show the measurement data 
in version No. 1. The entire experimental assembly consists of alternating 
layers of No. 3 steel, stainless steel (1Kh16N9T) plexiglas, lead and polyethyl- 
ene. Figure 3 shows the results of measurements and computations for an ex- 
perimental assembly similar to version No. 1, in which, however, the lead layer 
is replaced with a layer of boron carbide having a density of 1.1 g/cm3 and a 
thickness of 20 mm. Figures 5 and 8 show experimental data and computations 
for an assembly version utilizing layers of boron steel as screens. For all 
versions the experimental data coincided with the computed curves and with 
each other at the point lying on the boundary of the first layer of water [Th 
(of plexiglas) from the side of the active zone. 


Discussion of Computational and Experimental Results 


A comparison of the computations of three-dimensional neutron flux dis- 
tributions according to the activation of copper indicators for three assembly 
versions with experimental results has made it possible to verify the appli- 
eability of the utilized multiple group method and has made it possible to 
confirm the correct selection of the system of constants. The following con- 
clusions can be drawn on the basis of this comparison. 


1. Both the 7- as well as the 10-group method and the selected system 
of group constants are suitable for computing the three-dimensional energy 
distributions in mixtures of iron with water and lead for the measured thick- 


nesses. 


2. These methods produce satisfactory results (within the limits of 20 
percent) for media containing boron, for example, in boron steels and in a 
medium with boron carbide layers. The deviations are computed values from 
experimentally measured values, for the activation of copper indicators in 
plexiglas layers may be associated both with the nondiffusion nature of the 
problem us it applies to the layers of the medium which bounds the strong 
absorber, as well as with the deviation of the true neutron spectrum in these 
layers from the neutron spectra which were used to average out the group 
constants. 


3. The 7-group computation was also carried out for the purpose of re- 
fining the three-dimensional distribution of fast neutron groups which deter- 
mine the three-dimensional distribution of moderated neutron fluxes. This 
distribution of fast neutrons in this case was computed by the method of re- 
moval cross sections utilizing the experimentally measured three-dimensional 
neutron distributions in various media. The present work has not obtained a 
direct experimental verification supporting the high accuracy of the 7-group 
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Figure 8. Distribution of various neutrons groups computed by 
means of 10-group method: 1-10, numbers of neutron groups. 


computation compared with the 10-group computation. For the thickness used in 
the measurements both methods agree sufficiently with the experimental data. 
We can only assume that when the shielding thickness is great and when hydro- 
gen concentrations are large there must be an inaccuracy in a calculation of 
fast neutron groups when we use the diffusion approximation as in the case of 
the 10-group method. Therefore, along with the application of the 7-group 
calculations or of analogous methods utilizing the experimentally determined 
distributions of fast neutrons it is necessary to apply more accurate analyti- 
eal methods of calculation in fast groups; for example, calculations using the 
Po-approximation. 
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APPLICATION OF EMPTRICAL DATA TO THE CALCULATION OF SHIELDING 


B. I. Sinitsyn and S. G. Tsypin 


The utilization of the removal cross sections for the computation of [ 
shielding against neutrons still remains as the simplest and most productive 
method. For this reason the method of removal cross sections has undergone 
further development in recent years. There is rather extensive material in the 
literature devoted to the investigation both of the experimental as well as of 
the computational side of the problem (refs. 1-6). 


The authors of the present work have made an effort to generalize results 
of investigations pertaining to the determination and utilization of removal 
cross sections in order to comprehend them critically and also to extend the 
scope of application of the empirical constants for computing different forms 
of neutron shielding. 


Basic Determination. Removal Cross Section 
for Heterogeneous Media 
If a plate of some heavy substance (different from hydrogen) is placed in 


a homogeneous medium containing hydrogen (for example, in water) the law for 
the attenuation of neutrons beyond this shielding may be written in the form 


D(R, T) =D, (R—T) 72’, (1) 
(H = hydrogen) 


where D (R, T) is the neutron dose at the distance R from the source; Dy (R-T) 


is the neutron dose in the pure hydrogen-containing material when the plate is 
absent; £ is the removal cross section in om, T is the thickness of the plate 
in cm. When we have a collection of plates of the heavy component with differ- 
ent atomic weights A, expression (1) is given in the form 


D(R, T) 22D, (R—ST) o ee", (1a) 
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where &, and T; are the removal cross section and the thickness of the layer 
substance of the i-th component, respectively. The quantity ry which is deter- 


mined experimentally refers to some minimum distance from the investigated med- 
iun Rain at which point Xs remains practically constant within given limits 


(for example with an accuracy up to 10 percent). The physical meaning of Ruin 


consists of the fact that it characterizes the minimum distance from which the 
effect of plate perturbation on the spectrum becomes small. R,;, depends on 


the energy of the incident neutrons and on the material of the plate. Problems 
associated with variations in Rain as a function of the effective detector 


threshold value will be considered below. 


Removal Cross Section for Homogeneous Media 


If the medium consists of a uniform mixture of hydrogen and a heavy com- 
ponent, we have 


nm v 
= Soi or 


D(R, A)=D, (Rye =, (2) 


where D (R, A) is the neutron dose at the distance R from the source in the 
homogeneous medium; Dy (R) is the neutron dose at the distance R from the source 
in pure hydrogen with equivalent volumetric density; o ; is the microscopic re- 
moval cross section of the i-th component; A; and 9; are the atomic weight and 
volumetric density of the i-th component, respectively. Expression (2) is 
valid if the hydrogen concentration in the mixture is approximately 0.5-1 per- 
cent by weight (ref. 7). 

It should be pointed out that in reference 8 the value of the removal /76 


cross section in a homogeneous hydrogen-containing medium is determined from 
expression 


S107 9. 
N(R, A)=N,(R) oe A OE (2a) 


where N (R, A) is the density of thermal neutrons at the distance R from the 
source; Ny (R) = No 7 H(E)R (Zp (E) is the total cross section of hydrogen for 
neutrons with a given initial energy E); 5 is the microscopic removal cross 
section which differs from the value o; determined by means of expression (2). 
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The application of this expression to the determination of removal cross 
section values for oxygen from measurements of thermal neutrons made by a detec- 
tor in water gives a value of % = 0.91 barn for the fission spectrum. On the 


other hand the utilization of neutron dosage attenuation in water and in hydro- 
gen (computed by the method of moments) gives us a value og = 0.74 barn. Never- 


theless, in selecting expression (2) or (2a) we should give preference to (2), 
because in the first place the values of the removal cross sections obtained 
from expression (2) can be utilized in any combination of these elements with 
hydrogen, whereas expression (2a) is not always valid (for example, in the case 
when we add an element which produces a high absorption of thermal neutrons). 
In the second place expression (2) is more convenient for computing the shield- 
ing, because it can be used to obtain the value of the dose directly, whereas 
expression (2a) is valid only for the flux of thermal neutrons. In the third 
place expression (2) makes it possible, as we shall see below, to utilize the 
values of the removal cross sections in order to assign the upper group of 
neutrons in the multiple group methods of computing neutron shieldings (by 
utilizing the effective energy thresholds above 2-3 MeV). 


However, the specified preference does not ignore the utilization of a 
thermal detector to measure the removal cross sections. In particular, when 
measurements are made in heterogeneous media using the fission spectrum and 
also when using monoenergetic neutrons the thermal detector is used with suc- 
cess. We must only be sure that the perturbation produced by the plate is 
small and that for this reason the detector is moved away from the plate by a 
sufficient distance. This is possible because at some distances R from the 
source the following relationship will be satisfied 


D(R,T) _N(R.T) 
D(R, OY ~N(R,O)? 


where D (R, T) and D (R, O) is the value of the dose at the distance R from the 
source behind the plate in the hydrogen-containing medium and the value of the 
dose in the same medium, but without the plate, respectively; N (R, T) and 

N (R, 0) are the readings of the thermal detector in the hydrogen-containing 
medium at the distance R from the source behind the plate and the reading of 
the thermal detector in the same medium, but without a plate, respectively. To 
obtain the removal cross sections in homogeneous media the thermal detector 
should be utilized with considerable discretion. 


Investigations with Sources of Monoenergetic 
Neutrons 


The method of removal cross sections was developed with application to 
neutrons having a fission spectrum. In actual cases the initial neutron spec- 
trum may differ from the fission spectrum (particularly in the range of ener- 
gies below 2-3 MeV). In such cases it is necessary to have assurance that the 
utilization of removal cross sections will not lead to significant errors. To 
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achieve this we must know the energy relationship of the removal cross sections 
for different elements--2_.(E) (re = removal). Then for any neutron spectrum 


S(E) the dose at the distance R from the source will be proportional to 


D (R) = f S(E) D,(R, E) e-Zre(E)T ap, 
E 


References 3-6 contain extensive experimental material devoted to the in- 
vestigation of the relationship between removal cross sections and the /TT 
energy of incident neutrons for whole series of various shielding materials. 
The results of the references cited above make it possible to construct a rela- 
tionship between the removal cross sections for carbon, iron and lead as a 
function of energy in the region of 0.5-15 MeV. These relationships are shown 
in figures 1-3. 


Figure 4 shows the removal cross sections for oxygen obtained from the cal- 
culation of the fast monoenergetic neutron dose in water (ref. 9). The dose 
attenuation of neutrons in hydrogen is determined by means of the expression 


D(R)=D.B(R) oo", 


Figure 1. Variation in removal cross 
sections (1) and in total cross sections 
(2) as function of energy for carbon: 
O, results of measurements (ref. 5); 


6, removal eross sections for energy of 
dl 


8 MeV taken from reference 1; 4, results 
obtained by measuring reverse relaxation 
length in carbon (ref. 22); 0, total 
cross sections (ref. 20). 
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Figure 2. Variation in removal cross sec- 
tions (1) and in total cross section (2) as 
function of energy for iron: O, results of 


measurements (ref. 5)3@ » removal cross 


section at energy of 8 MeV taken from refer- 
ence 1; A, results obtained from measure- 
ments in heterogeneous mixture of iron and 
B,C (ref. 6);0, total cross sections (ref. 


20). Theoretical calculations @ taken from 
reference 3. 


where Dy is the value of the dose when R = 0; B(R) = 1+ ZR; Uy is the total 


cross section of hydrogen for the given energy; R is the distance from the 
source. The expression for B(R) = 1 + %, R obtained from the neutron penetra- 


tion problem using the "dead ahead" method agrees sufficiently well with 
exact calculations carried out by the method of moments. 


Thus, for example, when the neutron energy is 8.1 MeV and R = 120 cm, the 
deviation of the approximate equation from the exact one for the case of water 
is 25 percent (ref. 10). 


The analysis of this reference makes it possible to establish the fact 
that the magnitude of removal cross sections varies very little for interme- 
diate andheavy nuclei in the energy range 3-15 MeV. At the same time, it is 
precisely this region which is characteristic for the fission spectrum. For 
such light elements as beryllium boron and carbon the removal cross sections 
are substantially increased when the energy is 3 MeV. A substantial variation 
in the removal cross sections is observed in the region 0.5-1 MeV (basically 
repeating the variation in the total cross section as a function of energy). 


On the basis of these rules we can make several conclusions regarding the 
utilization of removal cross sections in a series of practical cases. If the 
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Figure 3. Variation in removal cross sec- 
tions (1) and in total cross sections (2) as 
function of energy for lead: QO, results of 


7 
measurements (ref, 5)3@, removal cross sec- 


tion for an energy of 8 MeV taken from ref- 
erence 1; A, results obtained from measure- 
ments in heterogeneous mixture of lead and 
B,C (ref. 6). Total cross sections taken 


from reference 20. Theoretical calculations 
® taken from reference 3. 


initial spectrum of neutrons leading the reactor is not too distorted in the 
region 2-3 MeV, it is possible to utilize the removal cross sections determined 
for the fission spectrum without introducing substantial corrections. When 
there are substantial distortions of the spectrum in the region 2-3 MeV, [78 
it is necessary to introduce corrections which can be substantial, particularly 
when light materials suchas beryllium, boron or carbon are utilized. The dis- 
tortion of the spectrum in the region 0.5-2.0 MeV does not usually affect the 
results due to the strong filtration of these energies by hydrogen and may 
serve as a source of errors only when the source or the plate are approached. 


In the case of a homogeneous medium the removal cross section for a com- 
plex spectrum may be determined from the following expression 


Sg : 
\ S(Z) Dy (R, Eye F Oh ge 
ae 
eB, (3) 


{ S(E) Dy (R, E) dE 
hy 
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Figure . Variation in removal cross sec- 
tions as a function of energy for oxygen. 
Results are obtained on basis of expres- 
sion (2); dose attenuation in hydrogen was 
computed by using "dead ahead" approxima- 
tion. Attenuation in water is obtained by 
the following methods: O , computed by 
method of moments (ref. 9);@, obtained 
from experimental results (ref. 5); O, 
obtained from results using fission spec- 
trum (ref. 1);@, total cross sections 
(ref. 20). 


where S(E) is the dose spectrum of the source, rem/MeV; Dy (R, E) is the dose 


attenuation in hydrogen. Similarly for a heterogeneous medium we have 


Lig ry ge 
S(f) Dey (R, Eye" 2()1 de 
ae 


Wee ae (3a) 
\ S(E) Dep (R, &) dE 
Ey 


(B = re; cp = med for medium) 
where Ded (R, E) is the dose attenuation of neutrons in the given hydrogen- 
containing medium. The distance R from the source (or from the plate) for 


which expressions (3) and (3a) are valid, of course cannot be too small; spe- 
cifically they should not be taken less than Rain In a particular case when 
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S(E) represents the neutron fission spectrum the validity of expressions (3) and 
(3a) may be verified, if we utilize the energy relationship of removal cross 
sections for carbon, oxygen, iron and lead, as shown in figures 1-}. The re- 
sults of the comparisons are presented in table 1. [19 


An investigation was carried out to study the influence of the effective 
neutron registration threshold for the region where the removal cross sections 
are applicable. It was carried out for neutrons with an energy of approximately 
15 MeV. Three types of detectors were used: thermal detector (proportional 


counter filled with BF3), Tn@3¢ fission chamber (effective threshold 2 MeV) and 


a ou®3 (n, 2n) cu62 indicator (effective threshold 12.8 MeV, ref. 11). The 
following materials were studied: aluminum, iron, copper and lead. The re- 
sults of the investigations carried out by S. F. Degtyarev, V. I. Kukhtevich 
and B. I. Sinitsyn are presented in table 2. As we can see from table 2, the 
removal cross sections measured by different detectors coincide within the 
limits of experimental errors. 


TABLE 1. 
Removal cross section Removal cross section given 
Element (ref. 13), barn by expressions (3) and (3a), 
barn 
0.81 + 0.05 0.84 
0.74* 0.67 
1.98 + 0.08 1.91 
3-53 = 0.30 3.58 


*Results of the computations using the method of moments for the 
penetration of fission spectrum neutrons through water and 
hydrogen. 


TABLE 2. REMOVAL CROSS SECTION FOR CERTAIN ELEMENTS MEASURED 
BY DETECTORS WITH VARIOUS THRESHOLDS. 


Element 


Aluminun 
Tron 
Copper 
Lead 
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Table 3 shows the distances Rin for various detectors. Measurements were 


earried out in water behind the aluminum, iron, copper and lead. We can see 
that as the effective threshold of the detector is increased Ruin decreases and 


consequently the limits of application of the method are extended. We should 
expect Rain to be of the order of 25-30 cm when a dosimeter is used to measure 


fast neutrons. 


Investigations Utilizing the Fission Spectrum 
Neutra Sources 


The measurements of removal cross sections for neutrons of the fission /80 
spectrum were carried out using the LTSF experimental setup at the Ok-Riga 
National Laboratory (ref. 13) and also by the authors of reference 3 for certain 
shielding materials. These measurements pertain to heterogeneous media. The 
results of the measurements are presented, for example, in references 10, 8 and 
12. Reference 10 presents the results of measuring the removal cross sections 
for neutrons of the fission spectrum utilizing a collimated beam. As a result 
the values of the cross sections are substantially greater than those presented 
in reference 13, as is to be expected. The results of reference 10 cannot be 
used directly by themselves; however, a comparison of these data with data con- 
tained in reference 13 make it possible to carry out an auxiliary determination 
of cross section values for such elements as sodium, sulfur, titanium and cad- 
mium. Measurements in partially homogenized media such as a mixture of iron and 
lead in water have been carried out in the USSR as well as abroad (refs. 13 and 
8). The removal cross sections computed for such mixtures are close or coincide 
with cross sections obtained from heterogeneous mixtures. 


It should be pointed out that most of the experiments on measuring the re- 
moval cross sections were carried out for application in heterogeneous media. 
The investigation of such mixtures as iron and lead in water (refs. 8 and 13) 
should be referred to some intermediate category between a heterogeneous and a 
homogeneous medium. Investigations in an ideal homogeneous medium (ref. 10) 
showed that the removal cross section in a homogeneous medium is somewhat less 
than the removal cross section measured in a heterogeneous medium. However, 
this difference lies within the limits of experimental errors. 


TABLE 3. VARIATION IN R,;, AS A FUNCTION OF THE 
EFFECTIVE ENERGY THRESHOLD OF THE DETECTOR. 


R., cm Detector 


: mn 
65 BF3 
15-20 Th@32(n, £) 
5 on93(n, on) cu? 


LOT 


The determination of the removal cross section for hydrogen from a mixture 
of CH and CHp (computation by the method of moments, ref. 10) using a fission 


spectrum gave a value which coincides with the value measured in the heterogene- 
ous medium within 5 percent. The calculations were carried out by utilizing 
the dose attenuation of neutrons in hydrogen computed by the method of moments 
(ref. 14). The removal cross section of oxygen in a homogeneous medium for 3 
and 14 MeV, computed from the results of calculating the penetration of mono- 
energetic neutrons through water (ref. 9), may be compared with the heterogene- 
ous removal cross section. The comparison has not made it possible to draw 
convincing conclusions in view of substantial experimental errors. However, we 
should assume that the difference in the removal sections for a homogeneous and 
a heterogeneous mediumlies within the limits of 5-10 percent, or we may even 
assume that the cross sections coincide. 


The practical application of removal cross sections is not exhausted 
merely by the calculations of fast neutron dose. Recently, in connection with 
the development of the multiple group methods of computing shielding, the re- 
moval cross sections are used to assign the neutron distribution of the upper 
group or of the "leading group" as it is sometimes called (for example, in 
refs. 2, 8, 15, 16, etc.). 


We should note that in these and in other works, as a rule, the sharp en- 
ergy boundaries of the leading group are not determined. Therefore it is ex- 
pedient to use the available information and to conduct a more detailed analy- 
sis of the interrelation between removal cross sections and the value of the 
detector energy threshold. Even in the early works of Blizard (ref. 17), 
Chapman and Storrs (ref. 13) and in others, the removal cross section for fis- 
sion spectrum neutrons was identical with the portion of the total neutron 
cross section having an average energy of approximately 8 MeV. This situation 
can be verified visually by comparing the dose attenuation curves in water for 
neutrons of the fission spectrum and for monoenergetic neutrons. It was found 
that the dose of attenuation curve for fission spectrum neutrons is parallel in 
the interval of 90-120 em to the dose curve of neutron attenuation for an 
energy of 8 MeV. However, this does not give us any information for determining 
the energy interval of the "leading group" of neutrons. To determine this in- 
terval more precisely than its lower boundary, another approach can be proposed. 


It follows from table 3 that the distance R,;, decreases as the threshold 


of the detector is increased. This can be explained by the fact that the /81 
maximum distortion of the neutron spectrum takes place in the region of low en- 
ergies. It is logical to assume that as the effective threshold of the detec- 
tor is increased, only those neutrons will be recorded whose spectrum is prac- 
tically undistorted, and the distance R,;, will tend to zero. 


Thus, by using a higher detector threshold we essentially replace the 
hydrogen-containing medium which serves as a filter of lower energy neutrons, 
with this threshold. On the other hand, this is equivalent to the measurement 
of the reciprocal relaxation length 1/r in the test medium. Below we shall 
attempt to find the effective energy threshold of a detector, for which the 


108 


eross section, which is obtained by calculations using the reciprocal relaxa- 
tion length of fast neutrons, established experimentally, will be close in value 
to the removal cross section measured under standard conditions of the type 
described in reference 13. 


Table 4 shows a series of elements for which the removal cross sections 
and the cross sections obtained from the reciprocal relaxation lengths of fast 
neutrons in the investigated media are compared. The effective energy threshold 
in beryllium and carbon is determined on the basis of known computed spectra 
N (E, R) (ref. 10) according to the following expression 


wi. F 
4nR? ( Y(E)N (E, R)dE=ke A ” 


t)) 


where L(E) represents the cross section of some idealized detector which can be 
represented in the form 


X(E) =| 1, E> Eyop; 
fe a ‘0, E < | Coe 
(nop = th = threshold) 
k is the normalizing multiplier; Ch) y, is the cross section computed from the 


reciprocal relaxation lengths. Expression (4) is valid to substantial distances 
equal to 65 and 72 cm for beryllium and carbon (the density of beryllium is 


1.84 g/cm3, and the density of carbon is 1.67 g/em3). By varying Ex, we can 


achieve a situation where o 


L/n will be close in value to the removal cross sec- 


tion given in reference 13. Computations have shown (table 4) that the value 
Ein in beryllium and in carbon is approximately 3 MeV. 


TABLE 4. COMPARISON OF REMOVAL CROSS SECTIONS WITH CROSS SECTIONS 
OBTAINED FROM RECIPROCAL RELAXATION LENGTHS. 


Removal cross section | Cross section from reciprocal 
(ref. 13), barn relaxation lengths, barn 


Element 


Ideal detector 


1.15 (ref. 10) 
Boron Niet, P (n, p) 
Carbon 0.75 (ref. 10) Ideal detector 
Oxygen 0.70 (ref. 18) P (n, p) 
Tron 1.81 (ref. 19) S (n, p) 
Nickel 1 S (n, p) 


Remark: The effective threshold for all elements is equal to 3 MeV. 
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For average and heavy nuclei this threshold will be particularly retained, 
because the variation in the spectrum of fission neutrons during transmission 
through such media is small. For the remaining elements in table } (berylliw, 
oxygen, iron, nickel) the cross sections established from the reciprocal relax- 
ation lengths are obtained from measurements of three-dimensional neutron dis- 


tributions by means of pst (n, p) sist ana 932 (n, p) p3¢ threshold detectors. 


Generally speaking the magnitude of the effective detector threshold de- 
pends on the form of the neutron spectrum. As a rule, for fast neutrons the 
effective energy threshold is determined under the assumption that the /82 
neutrons are distributed according to the fission spectrum and are inside. The 
basis for this is the situation that above 2-3 MeV the neutron spectrum inside 
the medium for average and heavy elements does not depend on the distance and 
is similar to the fission spectrum. If the composition of the medium includes 
light elements, the spectral distribution may vary substantially as we move 
away from the source. Consequently the value of the effective detector thresh- 
old may also change. For some detectors with practical application the effec- 
tive energy threshold for the spectrum of neutrons inside light media are de- 
termined in the measurements of the three-dimensional neutron distributions. 
Such light media are hydrogen, beryllium and carbon for which the three- 
dimensional energy distributions are known (refs. 10 and 14). The effective 
energy threshold is determined from the expression 

| 2 (E) N(E, R)dE=k \ N(E, R)dE, és) 


Q Laop 


where X(E) is the macroscopic cross section of the corresponding reaction taken 
from reference 20; k is the proportionality factor. 


Equality (5) is not strictly satisfied for various distances R; however, 
by varying k and Ein we can achieve the best matching in the right and left 


sides in a wide range of distances R. In this case the variation of Ean af- 


fects the slope of the resulting three-dimensional distribution in the right 
side of equality (5), while the variation of k signifies parallel displacement 
along the axis of the ordinates, so that a constant k has the meaning of an 
effective cross section of reaction. 


It follows from table 5 that the effective energy threshold of detectors 
P (n, p) and S (n, p) is equal to 3 MeV and depends very little on the form of 
the spectrum. This may serve as a basis for the proposition that the effective 
energy threshold is retained for medium and heavy elements. For oxygen 1 /x is 
determined from the expression 


Dyin (R) = eT *R 4 { =) (E)Ny(E, R) Rede, (6) 


” 


110 


TABLE 5. EFFECTIVE ENERGY THRESHOLD FOR VARIOUS NEUTRON DETECTORS. 


Effective energy threshold 


Detector From spectra in Ho» From the spectrum of 
Be, ¢ fission neutrons 
(ref. 11) 
ue38, m232 ~R 1.7 
P(n, p), S(n, p) ~3 2.8 
Al(n, p)Mg ~~ 4.7 
7.0 


Al(n, @)Na 6-7 


where a 068) is the experimentally measured neutron attenuation function in 

2 
water which is measured by the detector P (n, p) with the geometric factor ex- 
cluded; z (2) is the cross section of reaction P34 (n, p)Si3+; N, (E, R) is the 


differential numerical neutron spectrum in hydrogen at a distance R from a 
point isotropic source of the fission spectrum. 


The data presented in table h permit us to draw a conclusion regarding 
the fact that the removal cross sections are close to cross sections obtained 
on the basis of the reciprocal relaxation lengths when the effective registra- 


tion threshold is near 3 Mev. 


It also follows from table ) that the removal cross sections may be /83 
applied to compute the penetration of fast fission spectrum neutrons even in 
media which do not contain hydrogen (if we consider the energy region above 3 
Mev). 


It is of interest to compare the removal cross sections with cross sec- 
tions obtained on the basis of group cross sections systems (ref. 21). The 
asymptotic solution of the single velocity kinetic equation® 
approximation has the form 


in the transport 


ithe cross sections obtained from the reciprocal relaxation lengths for lower 
values of the effective energy thresholds coincide much less with the removal 
cross sections; this is clearly seen from the data in table 6. 


ert can be shown that the asymptotic solution of the single velocity kinetic 
equation in the transport approximation coincides with the asymptotic solution 
of the single velocity kinetic equation for isotropic scattering if in the lat- 


ter we make the substitutions vLotal -~> re and = 


— rs is 
transpor decay transport 
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D(R) ~ Ae-Bit, (7) 


where L is determined from reference 12 by. means of the expression 


1 
j=! 


8 
LEt 1 LB ert 
2 L3tp— 


(8) 


where 24, is the total transport cross section; 
s 
Yer is the scattering transport cross section. 
In the group approximations the transport cross section (total and scat- 


s 
tered) is written as Ler =i, + ve? where 2X4, and area are the group transport 


cross section and the scattered transport cross section; Zre is the group re- 
moval cross section. 


We shall interpret the asymptotic cross section as the cross section which 
is obtained from the quantity L in equation (8) according to the expression 


Oye = He : (9) 


Table 6 presents the removal cross sections Ope, cross sections obtained 


from the reciprocal relaxation length ox, and asymptotic cross sections Sas 


for the energy group 1.4 - © MeV. 


Conclusions 


On the basis of the results which have been presented we can draw the /84 
following conclusions. 


1. The removal cross sections from reference 13 for media containing hy- 
drogen may be used in practice at all times, if the spectrum of neutrons leaving 
the reactor is not too distorted in the region 1.5-3.5 MeV. Exceptions to this 
are light elements like beryllium, boron, carbon, whose removal cross sections 
increase in this region of energies, which must be taken into account in exact 
calculations. 


2. The removal cross sections measured in heterogeneous media may be used 
to compute homogeneous media. The difference in cross sections apparently is 
not greater than 5-10 percent for all elements. 

3. The utilization of the removal cross sections for computing homogeneous 
media is applicable for any distances from the source. The greatest deviation 


112 


*sq0Uatalexl aie sasouyuerted uTyYTM semsty TW 
"ADK TONIN ‘N “W pue AaqnTon “I “a Aq paqzuasard CIS eKnnnnee 
*Zaequmu oOTWOYe 34} JO UOoTIOUNJ B se SUOTJOSES SSOLO TeAOWst 
a2 UT UOFIETIVA O44 BuTAoys sarod 9y} jo uotzeTodzs,Uy 94} WOT peuTeyqo SUOTJDSS SSOLDyxxnK~ 
"APN Q TOS +9€ /z = tp GTYSuUOTISTALI of} JO STseq ay} UO PSUTeIQO UOTIOSS SSOLOxxnx~ 


"(g *ge4) 
SUOTZOSS SSOLIO TBAOWUSL pazYeUTTTOO ay} IOJ eyep jo sTskTeue ayy worl pouteqyqo UOT{IOSS SSOLDyxxx 
‘q ABraua 
UIA XNTJ UOIQNSeU QTuN B 04 BuTpucdsari0d asop ayy FO taemod ayy ST (q) J ot9qaK (a) g 
Wats (F) dq BSutoeTder fq (9) 03 sno#oTeue st yoTan uotsseidxs Wolf pouteyqo UOTPOSS SSOLOxx x 
‘9 |dUaTajal UT suotssaidxse wWoly peuteqyqo UOTJoSS SSOLDxx 
‘uoTzoas ssoid O BuTqoerqqns Aq (1, *fat) lig ut squawammseall WOLT POUTeYGO UOT}OSS SSOIO, 
‘8 + *UMTUODITZ 
. . . . . taddog 
soos ss TexotH 


suvom raqzo fq o- H°T AW 


oO ‘ 
peuteyqo suoTQV0es SuOT}00eS Tenia in uzreq Rane 


SSolo TeAomsy SSOzo ; 
oT,09dmxsy MEPS Ia 


* * + worl 


* * UNTpos 
* + usBlxo 
* usB0I¢IN 


* * uogreg 
“= SqOZ0g 


*umTTTALeg 
* *UNTUITT 


quouleTy 


* SUNG Ta 
SNOIYVA HOA SHLONAT NOLLVXVINY TVOOUdLOTY AHL WOW CHNIVLGO SNOLLOS ssouo CNV 
SNOILOYS SSOMO OILOLMWASY ‘SNOLLOYS SSOMO TVAOWHY FHL dO NOSIYVdNOD °9 AIavh 


113 


from exact computations will be at distances of two to three relaxation lengths 
from the source, but it will not exceed 25-30 percent. 


4, To compute the dose by utilizing the removal cross sections we should 
use the dose attenuation for hydrogen. 


5. For a detector with an effective energy threshold of 3 MeV the cross 
sections obtained from the reciprocal relaxation lengths in media free of hy- 
drogen practically coincide with removal cross sections taken from reference 13. 


6. An increase in the effective energy threshold decreases Rmin- 


7. To assign the upper group in multiple group calculation methods we can 
utilize the removal cross sections from reference 13 by assigning an effective 
energy threshold of 3 MeV to them or by using the quantities O1/n corresponding 


to the effective energy threshold of 3 MeV. 


For the case of hydrogen-containing media the values of the cross sections 
are selected in the same manner, whereas the attenuation of neutrons in hydrogen 
must correspond to the selected effective energy threshold. 


8. The asymptotic cross sections Tas for the group 1.4 ~ © MeV are close 
to the removal cross sections obtained in reference 13. 


9. For a more detailed description of the three-dimensional energy distri- 
butions of fast neutrons (E > 1 MeV) it is desirable to have a large selection of 
empirical constants corresponding to various energy groups in the region of 1-18 


MeV. 


The authors express their deep gratitude to A. I. Leypunskiy for valuable 
remarks expressed when discussing the results of the present work. 


The authors are also grateful to I. I. Bondarenko, V. I. Kukhtevich, Yu. A. 
Kazanskiy, A. A. Abagyan, D. V. Pankratov and A. P. Suvorov for valuable advice 
in preparing the material for publication. 
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COMPUTATION OF NEUTRON DIFFUSION IN A TWO-DIMENSIONAL PROBLEM 


BY MEANS OF THE P,.-APPROXIMATION 


G. Ya. Rumyantsev 


The Transport Equations in the P,-Approximation 


2 
The Po-approximation of the method of spherical harmonics compared . [85 


with the P) -approximation (the elementary theory of diffusion) is an approxi- 


mation of a higher order, and it is therefore natural to expect that in general 
it should be more accurate. Nevertheless, to date the P5-approximation and 
other even approximations have not received practical application. The bound- 
ary conditions which were customarily assigned in the method of spherical 
harmonics (the conditions for the continuity of all spherical harmonics in- 
dividually) are incorrect in even approximations (ref. 1). 


It is shown in refs. 2, 3 and that the boundary conditions may be for- 
mulated in a correct mathematical form for approximations of any orders, so 
that there is no basis for ignoring even approximations. 


The theory of diffusion based on the P,-approximation in most cases is 


more accurate compared with the conventional diffusion theory and not as 
complicated as the P,-approximation, whereas in one-dimensional problems it has 


almost the same order of complexity as the P)-approximation. 

In the present work we shall consider the application of the P5- 
approximation to the calculation of neutron diffusion in heterogeneous media 
in cases when diffusion takes place not only in the direction perpendicular 
to the boundaries, but also along them. Here the difference between the Po- 
and the P, -approximations is most pronounced. 

We shall assume that these sources are isotropic and that their power 
is described by the function S. By solving both equations of the method of 
spherical harmonics in the P,-approximation we can obtain the following re- 


lationship between the diffusion flux I and the integral flux #, which plays 
the role of the diffusion law (in place of the Fick law) (refs. 1, 2 and 4) 
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3 ag 5 20) 5S. 
4H V—- 2 )I=grad [O14 ¥ Z, (1) 


Here and in the future 
Zo =Z— 2, = 2a} 
2, =3(Z— Espo) = 324; 
22 = 5 (2D — E,P2(uo)). 


The second relationship is the conventional neutron balance equation /86 
divI+2,@0=S. (2) 


Eliminating I from these two equations we obtain the following equation for the 
function $ 


3 ; iis ’ 
v2 [ ( 1 +") —<] + MUO + 3,8 = 0: (3) 


It can be rewritten in a different form 


Vap -. aa --NS=0, (4) 
where 

Sail ik : 4x 4s 
het tt | dey ata 

Me aed Pog San 
NUN ws S . 

ae enti ieed | eee fe oh Se se a 
Mar eed Syisee™ : 1-42 9/2 


Obviously the equation of form (4) does not differ from the conventional 
diffusion equation. 


The important special feature of equation (1) is that unlike the Fick law 
it is a differential equation with respect to I. Consequently we can have a 
component I* which represents the solution of the homogeneous equation 


(5) 


8. S8 ee 
“y vel* _ z* = 0. 
This part of the solution is riot associated directly with function %. As we 
can see from equation (5), it damps out when the relaxation length is of the 


order of anys, i.e., it differs from zero only near the boundary. In 


addition, component I* must be subjected to definite conditions to satisfy 
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equation (2). Solution i approximates the nonasymptotic angular distribution 
due to the first paths of neutrons close to the boundary. It introduces addi- 
tional coefficients to the general solution, so that it is possible to achieve 
a continuity of not only the normal component of the diffusion flux but also 
of the tangential components. 


It is true that in the Pp5-approximation we have a discontinuity in the 


integral flux $6. This is explained by the fact that in the P -approximation 


2 
function @ describes only the asymptotic part of the neutron flux, which in 
the exact solution must be discontinuous. The continuity of all components 

of the diffusion flux is important in determining the average effective macro- 
scopic diffusion coefficient of the medium. By using an example of a plane 
lattice we shall show a computation scheme for the macroscopic diffusion 
coefficient in the direction parallel to the layers of the medium. The 
neutron diffusion in the transverse direction is quite well described even 

in the P,-approximation (ref. 5). The consideration of this problem in the 
P,-approximation does not present any special interest. 


Neutron Diffusion in a Plane Lattice 
Let us assume that in a medium composed of plane parallel layers, the 
z axis is directed across the layers, while the x axis is parallel to the 


layers. Let us consider a medium which is semi-infinite in the x direction, 
assuming that the power of sources in any layer depends linearly on x 


S(x, 2) =w(z) (a+ bx). (6) 
Let us find a solution of equation (3) in a similar form 
@ (x, z) = @ (z) (a+ 6x). (7) 


(Such a distribution of flux @ must be established far away from the boundary 
of the medium, i.e., we are seeking an asymptotic solution.) 


The vector equation (1) may be written in the form of two scalar [87 
equations 
Xo 1 . 
Coe, \i=oloQ +=) se wi (8) 
- So 1 0 
(s5 0-2) h=[ E oe (les = )— soe | @+ on. (9) 


It is easy to foresee that I, will not depend on x and that I, should be 
sought in the form 
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I, =q (z) (a+ 63). (10) 


Then equations (8) and (9) will have a more concrete form 


fh )elo Bb], a 
CE Bae ee BCE EE. 02) 


To these equations we must add equation (2), which in this case assumes the 
form 


-2-1,-2D=S 
(13) 
or by taking into account (6), (7) and (10) 
d 
az t Yop = w (14) 


Tt is obvious that equations (12) and (14) form an independent subsystem, 
while equation (11) may be solved after the subsystem. Let us find the solu- 
tion of the equations for a single layer. 


We differentiate equation (12) with respect to z and then eliminate —q 
by means of equation (14). As a result we obtain dz 


Se le(1+$)—2] sats 05) 


For simplicity we shall assume that for each layer the density of sources does 
not depend on z, i.e., w (z) = const; then 


[Ga +32 Sox — 2120] 9+ Zw = 0. (16) 


The solution of equation (16) is well known 
Q= Ay ch xz + Bosh Mee + ; 


where 


a (17) 


We now turn to equation (12) 
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Sas, ) 1 Xq [Ag Sh xo2 + Bo ch x2] (1 +32) . (18) 


From this we have 


q (2) = %9 [An sh %o2-| Boch oz] os ; 


or by taking into account expression (17) 


q(2)= — - [Ag sh x02 + Bg ch X92] (14-22), 39) 


This solution could also contain the characteristic solution 


g* (2) = Ash x,2-+ B; ch xyz, 


where Hy is the additional characteristic number; [88 


“fs Ht? (20) 


However, Ay and BI must be assumed to be equal to zero, because otherwise 
equation (14) cannot be satisfied. 
The coefficients Ay and Bo are determined by conditions at the external 


boundaries of the medium or by the properties of symmetry and also by the con- 
tinuity conditions for the functions (ref. 4) 


4y 4S 
d Ae Yor os. 
T, and (14+-9%)—2 (21) 
The continuity of functions (21) is equivalent to the continuity of functions 
4% 4 
q (z) and o(2)(1+- ae. (22) 


As we can see, this first part of the computation depends on the quantity 
b. Consequently the established solution will be valid: also for the one- 
dimensional problem corresponding to the case b= 0. If, on the other hand, 
vo # 0, it is necessary to solve equation (11). Its solution will have the 
form 


lel 


Ix=b [ (Ao ch xoz-+ By sh xz) = atZo —s3 | + Ik. (23) 


ae — 3D 


Here c is the solution of the homogeneous equation 
3. ® i 
ya Ge - As=0, (24) 


which must not be equal to zero, because equation (13) does not place any re- 
quirements on it. Let us rewrite solution (23), taking into account expres- 
sions (17) 


I= > [ (Ag ch xz + Bo sh X92) (1 +) + 


rere = bp(z). (25) 


Coefficients AL and BL are determined from the known properties of the 


solution and from the conditions of continuity for the functions (ref. )) 


1 f Oly , oF 
I and | a+ x | (26) 


or 


p (z) and ~ [| 32-+90¢ 2). (27) 


If the layer medium is a periodic lattice, we can determine the average 
macroscopic flux (1x) in the following manner 


z+l 
(le)=-7 | Le(2)da, (28) 


2 


where t is the pitch of the lattice. 
-The average diffusion coefficient may be determined by various means de- 


pending on the form used to write down the macroscopic diffusion law. If the 
macroscopic diffusion law is written in the P,,-approximation 


Us) = — (Ds) Fe 0 (14+ G2), (29) 
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then 


OD) as ee og MO ie 
T pecans __ Ae (2) : 0) 
Ko (1 +2 )— BOS (30) 
If, on the other hand, the macroscopic behavior of neutrons is de- /89 
scribed by the P,-approximation 
(x) = —(D,; ya a (®), (31) 
then 
— _ ele) 
(Dd = —eey (32) 
Lo hw 
The averaging of functions » and » (1 + Sees San must be carried out in a man- 
2 2 


ner analogous to (28). For a nonabsorbing medium without sources the differ- 
ence between the two cases which have been mentioned disappears. 


The macroscopic diffusion coefficient for a double layer nonabsorbing 
lattice without sources, obtained by the method described above, has the form 


(33) 


(Die AL | Ce Sb he th wh! 
= “eX he Ux, SY (gS Mv gal p ey UY NES? 


where h and h' are the thicknesses of the layers. Comparing the results shown 
by equation (33) with the results of Ya. V. Shevelev (ref. 5), we see that the 
maximum error of equation (33) is approximately 6 percent (the comparison was 
carried out for a lead-water lattice, (ref. 4)). 


The continuity of I, in the P,-approximation and in other even approxi- 
mations makes it possible for us to maintain that the equations for dD,» 


similar to equation (33), obtained in some even approximation, for small-layer 
thickness will give the fusion coefficient of the homogeneous mixture, which 
is a correct physical result. Equation (33) also has these properties. On 
the other hand, in approximations of odd order this transition must not exist, 
due to the discontinuity of the flux I, which is retained no matter how small 
the thickness of the layers. 


Obviously the methodology which has been described also makes it possible 


to find the real diffusion coefficient Dy at each point of the medium. How- 
ever, it will then be a function of z. 
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INVESTIGATTON OF THE ACCURACY OF VARIOUS APPROXIMATIONS IN THE 
PROBLEM OF THREE-DIMENSIONAL ENERGY AND ANGULAR DISTRIBUTION 
OF NEUTRONS 


V. M. Veselov 


When investigating the accuracy of various approximate methods for [89 
solving the kinetic equation which describes both the three-dimensional transport 
as well as the retardation of neutrons (from the point of view of applying these 
methods to analyze shielding), it is particularly important to investigate [90 
the degree to which these methods give a satisfactory description of the dis- 
tribution: (a) of fast neutrons, which make a substantial contribution to the 
power of the dose, and (b) low energy neutrons, which produce a strong y- 
radiation when they are captured by the nuclei of various elements. 


In the present article we consider the lower approximation methods of 
spherical harmonics (P,, P,» P,) and some of their modifications on the basis of 


the simplest problems of the three-dimensional and angular distribution of neutrons 
from a two-dimensional isotropic monoenergetic source in an infinite homogeneous 
medium. In this medium, absorption, the effects of chemical bond and inelastic 
scattering are absent, the mean free path ft is constant, scattering is isotropic 
in the system of the mass center. 


This relatively simple problem is important, because it considers the prob- 
lem in the "pure" form, avoiding all types of side effects which would be mani- 
fested in a problem of greater reality and which would substantially complicate 
the picture of the convergence of various approximations. Furthermore, this 
problem has a solution obtained by Wick (refs. 1 and 2) for a moderator with a 
nuclear mass M = 1 for u >> 1 at short distances from the source and with uz >> 1 
at large distances (in the case M > 1 these conditions, respectively, transform 
into u/— >> 1 and uz/— >> 1). The problem is also solved by Bethe, Tonks and 
Hurwitz (ref. 3) (in the B,-approximation) for the case M = 9 under the con- 


dition u/— >> 1. These solutions have been utilized as "exact" solutions and 
all other approximate solutions have been compared to them. 


The Wick method, which is also described in the works of Marshak (ref. }) 
and Devison (ref. 5), and which is rigorously proved by M. V. Maslennikov (ref. 
6), includes the utilization of an expansion in terms of the Legendre poly- 
nomials. It is therefore convenient to apply it to the solution of the for- 
mulated problem. However, this method, which is somewhat modified when it is 
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applied to the solution of the problem in the Py approximation, although it 


gives a sufficiently good answer to the second problem formulated above, does 
not give a satisfactory answer to the first, because it is applicable only for 


relatively high moderations. 


To fill this gap it is useful to study the energy moments from the density 
of collisions per unit interval of energy, in addition to studying the density 
of collisions per unit interval of lethargy ¥Y (z, u, %) when u/— >> 1. In other 
words, it is convenient to investigate the integrals 


i? 


Pet 


“4) 


Wz, p, E)E"dE, 


which characterize the distribution of neutrons whose energy increases as n 
increases, In this case the following obvious relationship must be satisfied 


W (E) di = W (u) du. 


We note that as u increases, the convergence of the method of spherical har- 
monics improves, because the anisotropy of the angular distribution of neutrons 
which undergo a large number of collisions with the nuclei is substantially 
less. Therefore, in the investigation of the function ¥ (z, uv, #) a minimum 
lethargy was selected for which the Wick conditions were still satisfied. 


We expand the density of collisions ¥ (z, u, w) and the scattering function 
f (Ho u-u!) in series of Legendre polynomials and substitute them into the ki- 


netic equation for the given problem, After the usual transformations we obtain 
a system of equations 


ft OV m1 (Zw) me LL OW gy (Zw). 
am+ 1 Pa ome ge Te es i) = 
= du’ Vn (2, W’) fr (4 — 4") +8 (u) 8 (2)5 my for m=0, 1, 2, .... mt) 
u-r 
Here the mean free path 1 is taken as the unit of length; SF is the [91 
0 


Kronecker symbol; 


1 
Win (25) == 20 \ dW (2, Ws 1) Pin (te); 
-1 
: (2) 
tm (4 —u') 2. 27 ( dita f (fer u— u') Py, (Vo), 


126 


are the m-th harmonics of the density of collisions and the scattering function; 
r is the interval of collisions. 


During the solution of the problem in the Py approximation we limit our- 


selves to (N + 1) equations, i.e., N takes on the values 0, 1, 2, ..., (N-1), N. 


In the system of equations (1), written in the Py-approximation, we adopt 


the Laplace transformation with respect to the lethargy with parameter 1 and 
the Fourier transformation with respect to the coordinate with the parameter k. 
As a result we obtain the following system of equations 


(2 +1) 11 = Bin (YL On (). 2) — B [eM y (Ms) -- 
4 (M+1) Opus (4, A) dm, for mad, 1,2... N (1, (1a) 


where 


Om (q, 2) = \ ch dz { eT Ne, (2, &) du; | 
ee v t 
> £m OY = \ e7™ fm (1) de. J 


0 


(3) 


Th (z, u) is now obtained by means of the inverse Laplace-Fourier transformation 


7 * too O-+ico 
1 ah: 
Win (Z, u) = Teaiye ( en! dk \ em), (), &) dy. (4) 
iw o—ico 


It is difficult to express the function ®, (1, k) (from equation la) in the form 


convenient for integration. Therefore integrals (4) are approximated. By in- 
vestigating the system of equations (la) we can conclude that (refs. 1 and 2) 
Yn (1, k) has poles at the points 1 = 1) (k) in the complex 1-plane; the mul- 


tivalued function 1| (k) is determined from the condition that the determinant 

of system (la) is equal to zero. Wick showed that for N = ~ one of the poles 

for 0 S$ k S$ 1 lies on the real axis and is greater than zero, while the remaining 
poles have a real part less than zero and play a minor role when u are large 
(when M > 1 the condition u/€ >> 1 is required in place of u>>1). This is 

also true for a finite N, but in this case k lies in the interval 0k <k,>1. 


Therefore the integral of the inverse Laplace transform may be taken by means 
of the theory of residues; the integral of the inverse Fourier transform is 
taken by the saddle point method. We now obtain an equation which is analogous 
to the Wick equation (ref. 2) 

Win (Z, ) = (20"1)7"” R,, (Ao) exp ( — Roz -i- Nee), (5) 
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where 
No = 7 (Ko); = 1" (ko); NO= NF (Ao). 


The saddle point ky in the saddle point method is obtained from the con- 
dition 


—z+tn'(ko)u=0. (5a) 


Equation (5) may be applied to solve the problem in various approximations, 
and in this case only 7) (k) and Ra (k) will have a form which depends on the se- 


lected approximation. Ro (k) is obtained from the equations [92 


Ries! ee 
2 » (n--1) Dy (Rona) Dn 1 on) 
n= (6) 
Rm (ko) Miizt (kono) 


Ro(ko) it kin? 


where wt is the minor of the basic determinant of the system of equations (la), 


formed by the first m lines and columns with numbers from 0 to m-l. $,/8 are 
obtained from equation (1). be 


By utilizing equation (5) we can find ¥ (z, u)--the integral density of 


collisions over the angles, and also ¥ (z, u), which gives us the angular dis- 
tribution of neutrons at various distances from the source. 


The basic difficulty associated with the solution of the problem in the 


Py approximation consists of finding 7) (k) and two of its derivatives by the 
method of the successive approximation and tabulated differentiation. This is 
complicated by the form of the function g | (N) (ref. 3) when M> 1, which makes 


it necessary to apply interpolation up to the fourth degree. The problem of 
finding 7) (k) may be simplified, if we expand gn (1) in Taylor's series of | 


and limit ourselves to a certain number of terms corresponding to the order of 


the Py-approximation 


= Om OP (0) 
&m (1) = Em (0) -- ny yo 9 “aye n? -b ides (7) 


Let us consider the coefficients of the Taylor series 
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ag, (0 an re 
PHO BFe mato 
Paar 


oO 


= (= 19S ef (dl = (= 1)" Wi 


v 


(8) 


where A is the n-th moment of the m-th harmonic of the scattering function which 
is easy to determine for any values of m and n 


R=; 
N=§=a(l1—a+alna); 


/? = & = 2% —aaln?a; 


I oF Bo ~ 3M? 
a 2M3—6M--4 6M2—10 | 
I, = Aug fam Ine 9M 
eee (9) 
QL = g Mo ~?7 2 
=~ 3-m M2— 1)2 
Be OS™ Ina; 
— (M=- 1)? 
a= "aM , 
_ (M—IP 
oS (MTB 


If we solve the problem in the P,-approximation and limit ourselves to two terms 


1 


for m = O in equality (7) and to one term for m = 1, we obtain the age approxi- 
mation; if we leave one more term for m = O and for m = 1, we obtain an approx- 


imation which will be called a in the future. Similarly, when solving the 
problem in the P,-approximation, if we leave two terms in equality (7) for [94 


the case m = 0, one term for the case m = 1 and no terms for the case m = 2, 
we obtain a Po7age approximation; if we leave an extra term everywhere we ob- 


tain the approximation Poe, 
The integral density of collisions over the angles ¥o (z, u) computed by 
the above method in the Py? age, Po? Pi7age, Bact, Ee pppaoxi meet ous is shown 


in figure 1 for a moderator with M = 1 for a fixed lethargy u = LO. 


Figure 2 shows the calculation results for the angular distribution of neutrons 
of lethargy u = 10 at various distances from the sources, when M = 1 in the Pho 


Poo P_-approximations. This figure also shows the curves for the angular 


) 
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1g ¥, (2,10) 


NY 


Figure 1. Variation in logarithm of density of collisions 
as function of distance to source (expressed in terms of 
mean free path length) with fixed lethargy u = 10 for a 
moderator with M = 1: 1, Wick solution; 2, FS PRr Oni me bens 


3% P,-approximation; is Pf" approximation; 5» Pi 7age 


approximation; 6, P,-approximation; 7, age approximation. 


distribution of neutrons of lethargy u = 10 at various distances from the sources, 
when M = 1 in the P_-, P.-, P_-approximations. This figure also shows the curves 


e 3 


for the angular distribution in the P, “approximation obtained by an evaluation 


utilizing the results of calculations in the Ey ebrroximetions using an approx- 
imate equation which is easy to derive 


Ris (MADR Rn 
Ro (2m-| 3)(I—gmi1) Ro ’ (10) 


where Ko for a given z is taken from the calculation of the P opproximation. 


The results of computing ¥, (z, u) in the P|, age, ae Psy P 


2? -age, [96 


2 
Pos -approximations for M = 9 and u = 3 are shown in figure 3, while figure 4 


—_— 


shows the angular distribution for the same case in the Pio» Po- and EB nePrOxr 
imations (estimation). 
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Figure 2. Angular distribution of neutrons in moderator 
with M = 1 and fixed lethargy u = 10 for various distances 
z from source: 1, P,,-approximation (evaluation); 2, P.- 


3 


approximation; 3, P,- approximation; 4 Pi Papproximacien. 


A discussion of the results obtained until now, as we have already stated, 
makes it possible to answer only the second question concerning the accuracy 
with which the various approximations describe the distribution of low energy 


neutrons. To clarify their accuracy in describing the distribution of fast neu- 
trons we consider the integrals 


My 
ace \ usr ey pon Ry 
Jn (2) = 5 NM (2, LYE d£, (2) 


when n = 1 this is simply the energy flux of neutrons since 4 = 1. 


It is easy to show that 


Jn (2) = £0 \ Wo (2, u) 0" du = EXJ$ (2), 


Fl 3 


(12) 
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Wg % (2,3) 


Figure 3. Variation in logarithm of density of neutron 
collisions with lethargy u = 3 as function of distance 
to source (in terms of mean free path length) for mod- 
erator with M = 9: 1, solution of Bethe, Tonks and 
Hurwitz; 2, P,,- approximation, 3; P,- age approximation; 


h, P, approximation; 55 P,§° -approximation; 6, age 


approximation; (P,£°-approximation coincides with Bethe, 


Tonks and Hurwitz solution to distance of z = 17). 


i.e., it is sufficient to investigate al (z). This is easier than investigat- 


ing ¥ (z, u, »), because in this case it is not necessary to take the inverse 
Laplace transform. J may be written in the form 


Jn (2) = — \ eo"? Dp (2.4) nan dk. (13) 


—ioo 


132 


The function e (N, k) calculated in the Py approximation has k poles in the con- 
plex plane situated at the points a Their number depends on the number N of 
i 


the Py approximation. Therefore we can write 
Sh (2) = D} em Hoiz res Do (Koi, 2); 
t 


where ar is determined for any 1 = n from the condition that the determinant of 
oe 


the system of equations (la) is equal to 0; the residues are found easily. The 
calculation of the quantities a; and ws as a function of z was carried out for a 


moderator with M = 1 and M = 9 in various approximations and is represented in 
tables 1 (M = 1) and 2 (M = 9), where all of the approximations are com- [9T 
pared with Py for different values of z. 


The expressions at (z) and pa (z) under the integral sign in terms of u for 


certain values of z were obtained for the case M = 9 by calculation from the Bethe, 
Tonks and Hurwitz solution (ref. 3). The graphs of these quantities are shown in 


TABLE 1. 


J¥ (2) PiylF, (2) Pa JF (2) PylSg (2) Pa 


7 ae Scar af. paeee 


PilPa: P2/P4 Pll PilPs Pll | P3ll¢ 
2 1,279 0,970 0,954 1,048 0,832 0,774 
6 0,667 1,69 1,013 0,418 1,014 1,012 
42 0,179 0,339 0,985 0,054 0,652 0,951 
20 0,030 0,608 0,928 _ 0,337 0,815 
30 0,406 0,859 — 0,148 0,672 
TABLE 2. 
we the GhA st Sg RN ite, “ate 2S oO tot AS 
| ery N@) 
Z { 
| mes | aly | hats 
2 1,lov 0,988 0,990 0,927 
6 0,015 Lote 1,aa2 0,800 Los 1,007 
2 0,609 Ol O82 Loo 0,401 0,916 0,993 
20 0,165 0,939 0,904 0,158 0,789 0,969 
30 0,280 
! 


0,889 0/987 0,049 | 0,654 0/937 
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Figure 4. Angular distribution of neutrons of lethargy 
u = 3 in moderator with M = 9 at various distances z 
from source: 1, P3-approximation (estimation); 2, Po- 
approximation; 3, Pj -approximation. 


figures 5 and 6. They make it possible to evaluate the energy of neutrons which 
make the maximum contribution to JF (z) and o (z). 


Discussion of Results 


We make a qualitative comparison of the solutions of the problem in different 
approximations with the "exact" solutions of Wisk, Bethe and others. 


P, approximation. We can see from fig. 1 that the P| - approximation for 
M= 1 gives us an increased value of collisions density ¥, (z, u) at distances to 
10 mean free path lengths. This can be explained in the following manner. Scat- 
tering by nuclei with M = 1 is characterized by a large release of energy, so that 


the energy of the neutron can immediately vary from E. to the thermal energy and 
inverse scattering does not take place. Therefore the angular distribution of 


134 


neutrons has a strong maximum at @ = © even at rather small distances from the 
source (@ is the angle between the direction of the neutron path and the normal 
to the source plane). The first Legendre polynomial alone cannot describe this 
strong anisotropic relationship sufficiently well. This inaccuracy which ex- 
tends to a distance of 10 mean free paths is characterized by the decrease in 
the number of neutrons which travel at small angles and an increase in the num- 
ber of neutrons which travel at angles close to 90° (fig. 2). 


However, it is known that neutrons which are scattered over small angles 
possess the highest probability for moving far away from the source. Conse- 


quently in the P| -approximation a smaller number of neutrons has a chance to 


penetrate a great distance compared to what actually takes place. This pro- 
duces a buildup of neutrons near the source and a decrease in their number at 
large distances from the source. Therefore it is not expedient to utilize the 


P| -approximation for a moderator with M=1. The error in 44 (z, u) reaches a 


value of 15 percent at a distance of approximately five mean free paths even 


0,500 


0,400 


0,200 


0,100 


Figure 5. Yo(z, u)e"” at different distances from 
source in B,-approximation. Function is normalized 


fo) 
so that { ¥ (2, uje du=1. 
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0,300 


0,100 


Figure 6, ¥ (2, “eo at different distances from 
source in B,- approximation. Function is normalized 
co 


in such a way that ¥ (2, uje7=2 du =1. 


for neutrons of relatively small energy (u = 10). For large energies the devi- 
ation of the solution in the P| ~approximation from the "exact" solution is even 

cd 
greater, because in this case we take into account neutrons which have undergone 
a smaller number of collisions with the moderator nuclei and their angular dis- 
tribution is even more anisotropic. 


Everything that has been stated above, but to a lesser degree, may be re- 
ferred to a moderator with M = 9. However, in this case the anisotrophy of the 
angular distribution is less so that the effects described above are much weaker. 
At distances up to nine mean free paths when u = 3, the error does not exceed 
5-6 percent (figs. 3 and 4). At large distances the P, -approximation 


for M = 9 becomes unsatisfactory; when z = 12, the error is greater than 25 
percent. 


P, approximation. The P.,-epproximation both for M = 1 and for M = 9 turns 
out to be substantially more accurate than Py (figs. 1 and 3). This is ex- 
plained by the fact that when we take into account the second Legendre poly-. 
nomial, we substantially refine the angular variation of the function Y (z, u, ») 


136 


compared with the P| approximation (figs. 2 and 4). The difference between the 
quantity ¥, (z, u) computed "exactly" in the P.-approximation reaches the value 
of 10 percent only at distances equal to approximately 20 mean free paths in the 
case M = 1, u = 10 and 12 mean free paths in the case M = 9, u = 3, which is 
incomparably better than in the P, -approximation. 


P.-approximation. The angular and spatial distribution in this case is even 


3 
better than in the P,-approximation (figs. 1 and 2). At a distance of 25 mean 
free paths the error does not exceed 3 percent for M = 1. 

Let us now consider other approximations which result from PL and P, after 
simplified assumptions are made concerning the energy relationship of the scat- 
tering function, i.e., the age approximation, Bee approximation, Po-age approx- 
imation, P,£° approximation. 

Age approximation. This approximation is obtained from PL if we neglect 
all moments of the scattering function except & and Bop i.e., this approximation 
is within the framework of the Fo PePprex ination: 

It then follows that this approximation is applicable only in the case when 
FS produces satisfactory results and the quantities ee and Aub, are small. 

When M = 1, both propositions are untrue, but nevertheless, as we can see from 
figure 1, at small distances from the source the age approximation is substan- 


tially better than Pi: However, at large distances it is not as good which, 


however, is not significant because at this point P, is entirely unsatisfactory. 


1 


Therefore in the case M = 1 at small distances it is advantageous to utilize the 
age approximation rather than PL as being much simpler and more accurate. There- 


fore there is also no reason for taking into account ee and Aulo, because the 
approximation Pg obtained in this manner must be closer to PL than the age 
approximation and consequently is less accurate than the latter. 

It can be shown that when we transfer from PE" to an age approximation, 
the dropping of 2 and Aup) which are large when M = 1 (equal, respectively, to 
2 and 4/9) is equivalent to a change in the scattering function, such that a 
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large number of neutrons are scattered over small angles, i.e., the angular dis- 
tribution in this case improves and the spatial distribution also improves. 


In the case M = 9, the spatial distribution in Ed Pg and in the age ap- 


proximation coincide at small distances from the source (fig. 2). This is ex- 


— 


plained by the fact that for M = 9 ge and sup, are small (+ 0.059 and -0.058) 
and their effect is not yet felt. On the other hand, at large distances ge 


and Auto become substantial and must be taken into account. 


We should note that the quantities ee and Aulio affect Yo (z, u) in one di- 
rection and their effect is approximately of the same order so that it is log- 
ical to apply the Pies approximation rather than the Greyling-Hertzel approx- 


imation which does not take into account Aupy . We can also see from fig. 3 


that the error incurred in going from approximation PL to bee is directed in 


— 


such a way that the approximation Pié* turns out to be more accurate than Pi: 


The P,, age and Beer approximations. For M = 1 the curves for these approx- 


imations coincide completely up to distances of 25 mean free path lengths (fig. 
1). It is difficult to investigate the reasons for this in detail. Apparently 


the effect produced by the quantities i Aubiy » ; a - 3 is mutually compen- 


sated in a particular moderator, such as the moderator with a nuclear mass of 
M=l1. 


— 


In the case M = 9, the approximations P,,-age approximation, the P.g* and 


P,- approximations coincide at small distances, while at large distances the 
consideration of ge Aup, and : y2_ = corrects the sharp drop of the curve /99 


in the P,.-age approximation (fig. 3). In this case it also turns out that 
PoE is closer to the "exact" solution than Ps, which is important, because 


calculations in the P.E° approximation are substantially simpler than the calcu- 


lations in the P,-approximation. 


2 
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These considerations make it clear that in computing the distribution of 


neutrons with small energies approximations Po and Pee represent a great step 


forward compared to PL and the age approximation. F 


Let us now discuss the results presented in tables 1 and 2. First of all 
we note that the approximations which take into account only a finite number of 
moments for the scattering function cannot describe the integrals Jx correctly 
for M=1. 


Indeed, in this case g, (7) has the form 
1 
Bo (a) = Fa 


and when | > 1, expansion (7) loses its meaning. Therefore when investigating 
Jt (z) and Js (z) these approximations are not considered. If M>1, the sit- 


uation is different and expansion (7) may be achieved when T|)>1. However, the 
convergence of (7) is not as good when 1\ increases, and when 1) is greater than 
1» it disappears completely. Therefore, in computing J* (z) these approximations 


can still be used, and they give approximately the same results as obtained in 
the calculation of ¥) (z, 3). However, the computation of JX (z) in these ap- 


proximations leads to unsatisfactory results. 


Therefore the age, Pe, P,-age, and Pg approximations cannot be used in 


2 


computing the distribution of neutrons with high energy. In tables 1 and 2 only 
the Pio P_-, and Fao eer oximarions are compared with Fie 


Table 1, which refers to M = 1, shows that in order to compute the distribu- 
tion of fast neutrons approximation PL is unsuitable in practice; Po may be used 


only for short distances from the source (z < 10), while P2 turns out to be sub- 
stantially better. 
¥ 
In the case M = 9 the maximum contribution to the integral J; (z) at dis- 
tances up to 20 mean free path lengths yield neutrons with lethargies up to 


u = 6 (fig. 5). Therefore the convergence picture for different approximations 
is approximately the same as for Yo (z, uw) when u = 3. Approximations P, and P 


3 
describe Jt (z) quite well up to z = 30. The basic contribution to the integral 
JS (z) is made by neutrons with smaller lethargies (fig. 6). Therefore approx- 


imation PL becomes entirely unsuitable when z > 10, and Py is substantially better 


139 


than this, but substantially worse than P_ (the error for z = 20 is 20 and 6 
percent respectively). 3 


In conclusion the author expresses his gratitude to V. V. Orlov and G. Ya. 
Runyantsev for formulating the problem and for their constant attention while 


the work was being performed. 
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APPLICATION OF CONJUGATE EQUATIONS TO THE 
CALCULATION OF RADIATION SHIELDING 


G. I. Marchuk and Zh. N. Bel'skaya 


The work of B. B. Kadontsev (ref. 1) formulated a conjugate equation [99 
with respect to any linear functional in the problem of radiation transport. 
Later the results presented in reference 1 were generalized by G. I. Marchuk 
and V. V. Orlov (ref. 2). Their work proposes a method for the construction of 
conjugate equations for a wide class of linear nonhomogeneous equations, [100 
as well as the construction of the theory of perturbations. 


In the present work the authors have made an effort to apply the results 
of references 1 and 2 to the calculation of radiation shielding. The solution 
of the problem is obtained in the simple diffusion approximation in order not 
to mask the principal features of the problem by insignificant calculation 
steps. The generalization of the results to the case of nondiffusion approx- 
imation, which is of practical interest (for example, within the framework of 
the Py-approximation), is not difficult and is carried out by the method pre- 
sented in reference 3. 


Let us consider a multiple layer system occupying volume G bounded by 
surfaces Ss) and 85° The physical characteristics of the medium which determine 


the interaction of neutrons with a substance are constant inside each layer. 


The group values fr? of the neutron flux falling on surface S, are assigned. 


1 
It is required to compute the total flux and the dose of neutrons leaving the 
shielding. 


The problem is solved in the P,-approximation by a multiple group method 


1 


with the aid of the basic and conjugate equations of the reactor. 


gl poj 
ve ; : q . } jl on a 
Vet Zyuphs SS in Foe Ba g's és 
fom 


vei + Big =0 


1h1 


Let us consider a multiple group system of basic equations (ref. 3) and 
the multiple group system of equations conjugate with respect to system (1), 


; j ; 3 ix! . j wy, 
—Vert Buy = DY Vinge + Tr gy; 
l=jrt (2) 
j 


see eats 
—z Voy? -- 21, py? = 0. 


The calculation of the three-dimensional energy distribution of neutrons 
in the P, approximation is reduced to the solution of the multiple group system 


of equations (1) with boundary conditions 


P=fion S 
and 
29), —@) =O on S32. 


td 


(3) 
We determine the conjugate system of equations with respect to a specific 

functional for which we select either the total flux of neutrons leaving the 

shielding or the biological dose of neutron action leaving the shielding. In 


order that the system of equations (2) be a conjugate system (1), it is neces- 
sary that the following relationship be satisfied 


> ( (Vopriqd + Veer?) dr = 0. (4) 


j=1G 


es 
It is easy to see this if we multiply the first equation (1) by ie and 
wes = 
the second by 39,"> and if we multiply equations (2), respectively, by ys and 
Se - Summating the results over j we integrate over the volume G and sub- 


tract one system thus obtained from the other. Utilizing the Gauss-Ostro- 
gradskiy theorem we transform relationship (4) into the form 


™m me 
D J @ioiteiendds— S| (oP oi + eer) ds =o. (5) 


j=1 Se j=1 Sy 


We select the positive direction to be that of the external normal to surface 
+ = 

S5 and that of the internal normal to surface S.- We let I, I be the 

density of the neutron flux through surfaces 8) and 85> respectively, in the 


positive and negative directions of the normals to this surfaces [101 


Lhe 


We shall consider the sums contained in relationship (5). Since the flux 
of neutrons from the vacuum to surface S5 is absent, we arrive at the condition 


J 
i 8 
Pin = on 8° Consequently, 
m m 
> [oto t olen) ds= 4 >) \ 03 (Po? + 2034) ds. (6) 
J=1 Se joi Se 


We determine the conjugate system of equations in such a way that rela- 
tionship (6) supplies a complete dose of outgoing radiation. For this pur- 
pose we let 


pi + 2=y at Sz, (7) 


where yo is a factor of biological action. Then 


eee ORS a ee 
D ( (oii oin-t ober) ds=y d) \ vi gids = B(S2), 


j=1 Sa j=l Se 


where B (s,) is the total dose of the outgoing radiation. On the other hand, 


from condition (5) we obtain 


B(S)= > \ (iol + oh o7) ds. (8) 


j=l Sy 
Let us assume that the following relationship exists on surface Sy 


py — 2973 = 0, (9) 
Then 


Ce haan e sepa 
BAS2)= Dy | “8 (p+ 20h.) ds=2 ST ons ds. 


J=1 5) J=1 5 


Thus the dose of the outgoing radiation may be obtained by means of one of the 
two equations 
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=" (20) 
25) \ axis" ds. 


j=1 81 


jal (11) 


m 
28, >) pei). 


j=1 


If we let yo=2 in equations (7) and (10), we arrive at the total flux of the 
outgoing radiation. 


The solution of the system of equations (1) in conjunction with boundary 
conditions (3) and of system (2) with boundary conditions (7) and (9) is ob- 
tained by the method of finite differences with a subsequent application of 
difference factorization described in reference 3. 


To obtain the equations of the theory of perturbations we proceed [102 
in the following manner. Together with the unperturbed system (1) we consider 


a system of perturbed equations 


pg aaeh ctr ey ee ij 
Vor + Sy GF= 3) Bin gi + BI! pits 
1 4 "Goes rs (12) 
3 VO) + 27 9 =0. 


We assume that the multiple group constants in the system of equations 
(12) are expressed in terms of the constants for the unperturbed problem by 


relationship A' =A + 6A. 


We propose further that the boundary conditions for the perturbed system 
(12) will be the same as those for the unperturbed system, i.e., 


=f at Sy; (13) 
29,— G =O at S. 
° . #5 #5 
Multiplying the equations of system (12), term by term, by g,° and ; 
we summate the result over j and integrate over volume G. Then we obtain 


Loh 


m j-t : 
1 oF j.ypi og _ YN a 7 fat oe ‘ 


+ pf (Vopy + 3Ei2 opi) ] =0, 


ts ts 
Furthermore, by multiplying equation (2), respectively, by rv) J and 30," 
we summate the result over j and integrate over volume G. Then wé obtain 


™ m 

Pe oo yj Pe il ? ee 
2: \ dr top (vey +- ea we 2 Zin ot y oye") + diss 
+4 (—Vaei + 3Xi,.@%) ] =0. 


We now subtract relationship (15) from relationship (14) and make use 
A . 3 j : 74 eS 
of the conjugate nature of the solutions $5? Py with respect to Po"? Py: 


Then it is easy to obtain the following equation 


™ j-t taj 
6B (S2)= — >) \ dr (82), eo — oF D8 Zin ot — 
j= G t=1 (16) 
— BES! of) pit + 38}, 9 ey ) . 


If the quantities in equation (16) marked with primes are replaced by 
corresponding quantities without primes, we arrive at the equation of the 
theory of small perturbations. 


Although the theory of small perturbations cannot be applied to the prob- 
lems of shielding theory to find the absolute value for the variation in the 
dose of the outgoing radiation when the physical properties of the system vary, 
it can, nevertheless, show the tendency associated with a variation in the dose. 


The large number of important applications for the equation of pertur- 
bations (16) may include the calculation of experiments on the transmission of 
neutrons. In this case the equation of small perturbations may be used, for 
example, to evaluate many factors, including the various errors of the ex- 
periment. 
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ATTENUATION OF FAST NEUTRONS IN NONHYDROGEN 
MODERATORS 


B. R. Bergel'son 


The problem associated with the determination of fast neutron /103 
attenuation in materials which do not contain hydrogen atoms occurs in the de- 
sign of radiation shielding for reactor vessels and also in the design of bio- 
logical shielding which cannot contain materials with hydrogen. In analyzing 
radiation shielding we must deal with neutrons whose energy is E 2 0.5-1 MeV 
and whose source consists of fission spectrum neutrons. It is well known that 
in this case the kinetic equation must be solved to obtain sufficiently re- 
liable results. 


For plane geometry the kinetic equation for the transport of neutrons is 


written in the form 


0 uv ’ , 
vcos 35 a= = W(p, p')ndp +Q. (1) 


Here N (x) = J n (x, p) dp is the number of neutrons at point x; p is the 
neutron impulse; t is the mean free path length in the moderator; t, is the 


seattering path in the moderator; 3 is the angle between neutron velocity 
vector v and x direction. 


The probability for the transition of a neutron from an element of the 
phase space dp' into the element of the phase space dp during elastic col- 
lision with the nucleus of the moderator is obtained from the law of energy 
E conservation and impulse p conservation. For isotropic scattering in the 
system of inertia center (ref. 1) 


W (pp) ae (GE) (eye (2-24-05) 


(M and m are the mass of the scattering nucleus and neutron, respectively). 
The plane source of neutrons of the fission spectrum is 


2 = 
Q=Al(p) VY Zosh V 2E o-% 8 (x) = x (E) 4 (x). 
The factor A (p) is obtained from the condition of normalization 
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( Q dp =: Ip5(x), 


where Ip is the power of the neutron source. 


Assuming that the right side of equation (1) is a known function, we solve 
the differential equation. Then in place of the integral-differential equation 
(1) we obtain the Payerls equation 


4 (f) tne Be ee Ds 
n(x, cos 3, LZ) = re i -@ CH) cost of 


é peacteet se aie (2) 
-+ --—-e '(F)cost \ GUE W (p, pr’) n (x’, cos v, E’) dp’. 


The first and second term in the right side of equation (2) determine, 
respectively, the contribution to n (x, cos %, E) of "direct streaming" neu- 
trons from the source and of the moderated neutrons. 


Equation (2) may be simplified somewhat by integrating over »' in the right 
side of the equation, which causes the 6-function to disappear in W. 


The limits of integration in the integral part of equation (2) are de- 
termined twice: according to energy E from the laws of energy conservation or, 
what is the same, from the condition that the expression under the sign of the 
6-function becomes equal to zero, and according to coordinate x, from the 
boundary conditions of the problem. 


The problem on the interaction of fast neutrons with the reactor vessel 
had the following specific conditions. [In the semispace filled with a medium 
which serves the role of the moderator, plane sources of neutrons of the /104 
fission spectrum are situated at a distance 6 from the boundary with vacuum. 
The actual conditions of the problem differ from those formulated above in that 
the medium behind the source (the active zone of the reactor) does not consist 
of a pure moderator, whereas the medium in front of the source (reflector) does 
not have a boundary with the vacuum. However, calculations will show that these 
differences are not substantial for the following reasons. 


1. The mean free path of the neutron in moderator 1 (E) is several times 
less than the considered thickness of reflector §; therefore the composition 
of the medium behind the source has practically no effect on the value of 
n (x, cos #, BE) (near the boundary), which determines the flux of neutrons of 
interest to us from the medium into the vacuum. 


2. The energy of the large part of neutrons which fly out of the re- 
flector into the vacuum with E 2 E, (Ey is the threshold energy of the prob- 
lem) is close or equal to Ee Therefore the effect of the double reflection 
of neutrons--first from the steel wall into the moderator and then back from 
the moderator to the wall (with an energy E 2 E,)--is insignificant. 
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Utilizing the value of n (x, cos 8, E), we can use equation (2) to de- 
termine the flux of neutrons from the reflector 


[= \ dE { un (x, cos #, E) mp cos dQ. (3) 


by 2 


Integration over the solid angle dQ is carried out over the hemisphere 
(O < cos # <1). 


In order to take into account the difference between the true con- 
figuration of uranium blocks in a reactor and the plane geometry of the as- 
signed problem, we consider the influence function of the point source 


f (r) = hs 25 e-t/h. The values of B and X are computed from a relationship 
tr 


which can be obtained easily if the infinite plane source of neutrons is con- 
sidered to be a set of point sources, i.e., 


Pot 
poh Say (4) 
On 


Calculations show that a function of the relationship (4) type well de- 
scribes the relationship I = I (6) obtained from (3) for the values of 6 in the 
interval of 3-6 relaxation lengths. 


This method of computing the attenuation of fast neutrons in the layers 
of the moderator is quite accurate, if we assume that the total cross sections 
and the scattering cross sections for the nuclei of the moderator in the energy 
interval 1-10 MeV are known with a sufficient degree of accuracy. 


The solution of the considered problem requires a large expenditure of 
computer time; it is therefore expedient to consider the possibility and the 
method of solving the problem by means of the age approximation. As we know, 
the age approximation may be utilized only when definite conditions are sat- 
isfied (ref. 2). However, in the considered problem the energy of most of the 
source neutrons is close to or coincides with threshold energy E,, and the 
necessary conditions are not very well satisfied. In this connection we should 
bear in mind that the unknown flux is determined primarily by the neutrons of 
the source whose energy E is substantially greater than Ej. Calculations show 
that for such moderators as graphite and heavy water, E ~ 7-8 MeV, because the 
mean free path of neutrons in the considered moderators increases noticeably 
as the energy of neutrons increases. If we take this into account, then the 
conditions for applying the age approximation to the given problem are satis- 
fied in a proper manner. 


The flux of neutrons from the reflector with energy E = E, may be ex- 
pressed in the following manner 
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i= | V 2% sh VBE e-# (h(E) + La (ENA. (5) 
by 


The flux of "direct streaming" neutrons from the infinite plan source may [105 
be obtained from simple geometric considerations 


en! 


1, (E) = Io 77, Te sy oe Aydt. (6) 


The flux of moderating neutrons is equal to 


@o 


) e1(L) 
on! *  Oq (x, x", T) 
bees \ a Tey, | “di \ ae dere A (7) 


— xf (EB) 


where x = 0 at the extrapolated boundary of the medium in the vacuum; "1 (E) 
is the age of the neutrons with energy E), whereas 


oS phy Spat =F). (8) 


O— xk (K) 


Equation (8) gives the distribution of neutrons which undergo one collision 
with the nucleus of the moderator, across the thickness of the reflector, i.e., 
the distribution of the sources of moderated neutrons (the energy loss of the 
neutron during the first collision is not taken into account). The density 

of neutron moderation from the plane infinite source in the semi-infinite 
layer of the moderator which borders the vacuum, has the form 


(x’ —x)2 (x’+-x)3 


Seer ar (9) 


where x is the coordinate of the source; x’ is the running coordinate. After 
substituting equations (6), (7) and (9) into relationship (5) we obtain 


(2 n\Ve sh } 26 e-£ ea \ Stary 
O/l(E) 


é s gat ; m” d (10) 
= 2 = ed 
og { ie “eS 7 va oe oe a oe) } oF 


The extension of integration over x into the region 5-© in accordance with 


the considerations presented above does not introduce any substantial correction 
to quantity I. 
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Expression (10) represents a double integral over energy E and coordinate 
x of the tabulated functions--the integral exponents of the first and second 
order and the integral of errors. The integration of equation (10) may be 
carried out without a computer. 


When the moderator consists of Do0 and of a distributed source for which 
the conditions of applicability of the age approximation are not too well sat- 
isfied, flux I may be computed by both methods, i.e., by means of equation (3) 
to solve the Payerls equation by the method of iteration using the M-20 com- 
puter, and by means of equation (10). The determination of 1 (E); te (E); 


cos d; & is achieved by using data from references 3 and 4. The age of neu- 
trons is calculated by means of equation 


with a correction for the small number of collisions (ref. 2). 


From the results obtained it follows that for 6 = 30-50 cm flux I, con- 
puted by means of equation (10), has a lower value compared with the one ob- 
tained from the solution of the kinetic equation, by approximately 30-50 per- 
cent. For a problem of the considered type this accuracy may be considered 


satisfactory. 


When calculating the biological shielding of reactors the solution of [106 
the kinetic equation for the transport of neutrons also encounters large diffi- 
culties due to the necessity of considering a wide interval of neutron energies 
and a great shielding thickness. When computing a shielding made of material not 
containing hydrogen atoms, the author believes that is is also possible to use 
the age approximation in accordance with the methodology presented above. When 
the shielding thickness is 6 > 5), it is apparently expedient to replace 1 (E) 
in equation (8) by the length of the "removal" which is determined as 


[,=[2(E)— cos, (E£)\"', 


and to replace t, (E) with the transport length t,, (E). 
A wide monoenergetic parallel beam of neutrons E, 2 Ej, passing through a 


plane layer of shielding not containing hydrogen atoms into vacuum, may be ex- 
pressed in the following manner 


pal eae pre Se, 
~ TEE a) [en ( ee as 
2x  !r (Lo) 


f=hf{i+et(s) +e 


ort (VEY) fee 
cr \ ty (Lo) yy ly (£9) . 
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x 
Here T=T (Ep, E,) is the age of neutrons with energy E,; erf xis \ oe? dé. 
é 
When the shielding represents a mixture of various elements, T, 4, and 
tir are computed by means of equations from reference 2. 


If one of the elements is iron, the effect of inelastic scattering when 
Eo > 1 MeV is taken into account by introducing a corresponding correction into 


Tre (ref. 5). 


When a strong absorber of neutrons is present in the shielding such as 


3 


boron, the decrease in I due to the absorption of neutrons with E < 10 -10° ev 
is evaluated by introducing the coefficient 


u 
: dt 
a=esp( - ( ww) 
0 


In conclusion the author expresses his gratitude to B. L. Ioffe and I. 
Ye. Kobzarev for the help rendered in carrying out this work. 
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ANGULAR DISTRIBUTION OF NEUTRONS AT SMALL DISTANCES 
FROM THE SOURCE IN AN ISOTROPICALLY SCATTERING MEDIUM 


V. A. Kon'shin 


References 1-3 present the solution of a single velocity problem for /106 
neutrons in an isotropically scattering medium. It is interesting to consider 
the distribution of neutrons in a homogeneous infinite isotropically scattering 


medium, 


When the source is an infinite plane passing through the center of the co- 
ordinates, the equation for the transport of neutrons has the form (ref. 4) /107 


A(t. 
SEP ew 


+f. on Site, (1) 
sh (dw! V1, BF (up + VT BVT 8 cos 9") dep’ + SOL) 
2 h) a 


with the boundary condition I (t, 4) | ;_,,= 0. Here I (1, 44) is the dis- 
tribution function of neutrons with directional cosine # at the distance T 
(the distance is measured in units of the mean free path); k is the ratio of 


the scattering cross section Zs to the total cross section It, i.e., k = = sil. 


The angular distribution of the source is given by expression f (p), where p is 
the cosine of the angle between the normal to the plane and the direction of 
motion of the neutron, In the present problem we consider a plane isotropic 
source [f (p) = 1]. 

The solution of equation (1) may be obtained by the method of Fourier 
transformation. Multiplying equation (1) by e iat and integrating over T within 


the limits -© - +, we obtain an integral equation for the Fourier transform 
in the form 


on 


+t 
(1+ iap) 7 (a, w) =k Q aln’ | F (Ho) 7 (a, w!) de’ +9, (2) 
-1 0 ; 


where q = 8,/E,- The scattering indicatrix F (Uo) will be represented as 


an expansion in terms of the Legendre polynomials, limited to three polynomials 
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n=2 
F (po) = Dy 4H bn Pn (Ho) = ja 11 + 361Ps (Ho) + 562 Ps (Ho), 
n=0 
where 


44 


bn = 2m | F (to) Pn (Ho) dp. 


After integrating (2) over g' and taking into account (3) we obtain 


TT _ 7 , I 386i ’ , 
T(a, p)=4 | 7e.¥) [ iccieie hoi lear B+ “yp 2 Sg B+ 
7,5 (1 —p?) pb’ 5 1 , q 
+o be ee p2) 5b 2 pier | dy’ +- 1-Fiop ° 


This is the Fredholm integral equation of the second kind with a degenerate 
nucleus. We write it in the form 


1 eae 
7 c -- \ y 92 e : 
(a, p= Ft ( /(a, p’) oe ee ) 1 3st _y ae 


—{ boy faye 1 j-faye 
_ 15 ee gh Tobie: Te HR) ; : 
4 9 b2 rer » + see 8. cag | d art 
Par hah 
aan (a, »’) [ de (14) Se (w’) | + star: 


We should like to point out that the same result is obtained by utilizing the 


theorem for the addition of the Legendre polynomials 


mon 


Pp (to) = Pr (ut) Pah’) +2 3) ON. Pw (a) Pw’) cos m(@— 9"), 


m1 


from which after integration over ' we obtain: 


2x 2x 
| d9’Po to) = 2a; | cp'Ps (Ha) = Pr (u) Ps (u') 2 = py’ 
0 
2n 


( dip’ Ps (to) = Pa (jt) Ps (y") 2 == On SL a, 
0 


(3) 


(4) 


[108 


Substituting these expressions into equation (2) and taking into account (3), we 


obtain equation (4). 
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~ 


From the theory of integral equations with degenerate nuclei it is known 
that the integral equation of the form 


b 
9(x)—4! K(x, 8) p(s)ds—= F(x), 
where 


ian 


K (x, s) = 2 ; (x) gi (s) 


has a solution 


i=n 


P(=F(X)+% BY cas (x). 


In this case c; is a constant which is determined from the system of equations 


k=a 
c;—A Pp Gin, = fi, (5) 
{ay 


where 
b 


diy, = \ gi(s)ax(s) ds; fim \ gi(s) F(s) ds. 


a a 


For our case the solution of integral equation (4) will be written in the form 


5 
= _ 4 k (1-3 b2 ) 36 
Mowe +3 J Oo) 56, etree 


5 
oy Ob? by (1 —p?) 


ion 


The constants C; are determined from system (5), whose determinant is 


€ —% aus ) ~ pan — fas —tay 

‘3 k oe as ¢ ay da ) — Fars ~+ a 

(2) a —F ay ~ fas € ~+ a33 ) — Fay 
— Fay ~ Fass —tas € —F au) 


+1 
aus= = \ gi (W’) ar (H') dp’; 


“1 
a= { res ph) fw =(1 —Fb,) = aretg a; 
+ sen a 
ou) Reon =(1 —th)s Ze (arctg a—a); 


Q3, = Ga me 2 ba ae ( ci —+arctg a) ; 
Qi ¢ > {2 arctg a3, G. —+ aretg a)} 
Ayn = 3b, 2 ~ (arctga—a); 


Qo, = 361 = 2 ( 1 —Laretg a) 


a3. = 3b: = (a = —arctg a); 
ices —arcig a) } : 


Aso = 304 = ‘ (arcig a— jae (« ae 


1 
ay = a 
23 = 2. bye = (e-4 es a —aretg a); 


2 1 ‘a 1 
233 = re hs as 3 ee arcig a); 


ay3= ae be {( 4 list >) —-(a-t-e arcigis )} > 
a4= ae by te arctg a eG 1— +aretg a)} : 
2h 2 (aretg a—da)—-—- a (e —-S arctg a) bi. 


2. cee ao Se eet’); 
a arctg a) }. 


Gg =e 


a35 = 284, {2 
44> f LsSby {= 2 arctg o—(1 —Larctg a+ (z-3 
att arctga; 


l= 24 (arctga —a); 
fs: = 2 (1-4 —— arcetg a); 


fi= “Laretg a— 2h ( —Laretg a). 
[109 


= 
Quantity k =— was selected equal to 0.95. The scattering indicatrix 


iG 
F (9) was taken in the form shown in figure 1. The coefficients by of the 
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expansion F (Ho) in terms of the Legendre polynomials have the following values: 


by = 13 by = 0.4104; by = 0. 2486. The solution of integral equation (4) is re- 


presented in the form 


k 0,378 1,23p 
7 (a, p)==74- ream “-~ x fC. (a) ihiew + €2(@) ear - 
+0; (a): E+ Cy (a) SEY, 


where the constants C, (@) are determined as above. 


I (+, ») are obtained by means of the inverse Fourier transformation [110 


a x 
. a cos aX i sin at) (1 —/ap) 
I(t, py =3r ( peeesens eee da+ 
—0 
0,378 “C (cosav-ti sin av) (1 tay) 
378k isin — ia 
te eee CH 
—o 
1, 23,4 (cos at-!-é sin at) 
a dn 1- fae Cy («) da + (6) 
~o 
1,87p2k ° (cos at-- sin at) (1 --- fan) is 
x sat--fsina fay 
+A [See ae Ca (@) dat 


+00 
0,94 (1—p2)k (cosat |-ésin ar) (1— ay) 
+ TS Ae ( rs Po rs C, (a) da. 


~o 


Separation into real and complex parts shows. that the complex part is an odd 
function @ and consequently the integral from - ~ to + © vanishes. It can be 
shown that the first term in equation (6) represents a nonscattered radiation. 
Indeed, we have 


foo 
4 \ cos acral al ar das 
any 


g 8 


4. \ cos at--ap sin at 
a 


1-- a2p2 es 


ee 


‘ca eames “Tx 0; 
0 for t/u<0, t#0. 


The nonscattered flux Ip (Tt) is obtained by integrating over 
ela £ du=E 
i= Th p= 1 (Tt), 
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Figure 1. Scattering indicatrix. 


where E, (tT) is the integral exponent. For a point source (ref. 1) we obtain 


er e7" 


nw) os a aE PE (r)= — “pir {- <=} = Onr? * 


The angular distribution of the scattered radiation is given by the remaining 
terms of equation (6) 


rapa ain Foca ne 


teeter gece ye C1 (4) da + 
_1,23h¢° c (acces at os 
sha fs i Tae a) pC, (a) da+ 


1 —STAd (cos at we i SIN UT) 


0 

\ 38 ND) yc, (a) da+ a 

3 

oe ed. ( (cos ae aun) 
pase 


(1 — 4?) C, (a) da. 


Let us transform the first term of equation (7) 


oo 1 
cos at--ap sin av cos AT+- ate sinat 
\ Seseechen Cy (a) dase { Snr 


1 Fate i Cape C; (a) da + 
(8) 


cos tas au sinat C, (a) da = ys 1 COS GT---QIt sin at C, (a) da+ 


1-j-a2p2 Tae 


of. 


+ 


=~ B 
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Analogous transformations may be carried out for the remaining terms of /111 
equation (7). To evaluate integrals (8) we must investigate the behavior of 
functions under the integral sign in the interval from 0 to 1. The transcendental 
equation, the expression for the denominator C, (@) 


— 1.2507 arctg u — 1.305 arctg a+ 2.803 arctg u — 4.730 arctg a — 
— 0.640? (arcig a)? + 1.14 (arclyu)?-- 1.41u°— 2.16a' + 3.280? + a? =0 


in the interval from 0-1 has one real root a= 0.7332 and double multiple roots 


at zero, The equation, i.e., the denominator of expression C, (1), 
t 


— 1.25¢ arctg = 1.323 arctg a -- 2.805 arctg a —4.73(7arctg + - 


\ 2 


1 2 
— 0.6449 ( arctg +) + 1.140 Carets:-} Jor LAP — 2.1644 + 3,28¢ + 1=0 
does not have a real root in the interval from 0 to 1. Therefore the second inte- 
gral of (8) may be evaluated numerically. 
The first integral of (8) has a singularity at the point a, = 0.7332. We 


represent this integral in the ‘form 


( | 5 aie ay ate { 
cos at -|- ai sin at C (a) da = aor A a 
i-Faap? : naa 
0 Pay oy : Fs (9) 


where € ~ 0, In expression (9) the first and fourth integral are computed 
exactly, whereas the second and third integrals are computed by using the ex- 
pansion of function Cz (@) in the Loran series in the neighborhood of the sin- 


gular point a = 0.7332. If Cy (@) = a then 


h=0o 
AL I 
Cy (a) = ae Pp A,, (a — 0.7332)". (10) 


Taking only the first term in expression (10), we have 


ld Oc 00,7332 
pa) ano. 7B? Where A= TOT). — 0.3403. 
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The calculation of the remaining integrals in equation (7) were carried out in 
a similar manner. 


The results of the calculations carried out to determine the angular dis- 


tributions of the scattered radiation I (t, #) for p = ~-13;-0.53 0; 0.5; 1 


scatter 


and T = 0.1; 0.5; 1 are presented in figure 2. The quantity Deeat ea (tT, ») is 


shown in units of q = = where 55 is the source power. 
t 

We can see from figure 2 that the angular distribution of the scattered 
radiation for T = 0 is symmetric with respect to W = 0, as was to be expected 
for a plane isotropic source. As the distance from the source is increased, the 
peak of the angular distribution is displaced from # = 0 towe=1, i.e., /112 
the neutrons fly forward. A comparison with the isotropic scattering of neutrons 
(ref. 2) shows that in the case of the anisotropically scattering medium the peak 
of the angular distribution is displaced closer to } = 1 (0 = 0°), as was to be 
expected. 


Thus when T = 0.5, the maximum of the peak is displaced from = 0.2 (iso- 
tropic scattering) to 1 + 0.5 (anisotropic scattering). 


It should be noted that when the distance T from the source is increased, 
pile re oP pps 
the multiplier | ts ny which is under the integralsign, begins to os- 
(24-2 
cillate. Therefore, in computing the angular distributions the value of Iscatter 
(tT, ) for » = O and T = 1 dropped out from the general behavior of the curve. 
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Figure 2. Angular distribution of neutrons at small 
distances from the source. 
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Consequently it is necessary to have a more accurate evaluation of the second 
integral of (8) with the oscillating function under the integral sign. 


In conclusion the author expresses his gratitude to E. Ye. Petrov, V. V. 
Orlov and V. Ya. Pupko for their interest in this work. 
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THE QUESTION OF RADIATION SOURCE GEOMETRY 


D. L. Broder, Ye. N. Goryanina, G. M. Levis, 
K. K. Popkov and S. M. Rubanov 


The sources of neutrons and y quanta in atomic energy installation /112 
are the active zone of the reactor, its vessel, the reflector and the elements © 
of shielding, piping system and heat exchanges with radioactive heat carrier. 
All these sources have different geometric shapes and dimensions. However, in 
most cases for purposes of computation they can be represented in the form {113 
of radiating points, lines, discs, infinite plates, spheres, etc. This approx- 
imation of the geometric shapes of radiation sources in practical calculations 
is necessary, not only because it substantially reduces the volume of calcula- 
tions, but also because it makes it possible to apply certain calculation 
methods which are valid only for sources of the simplest geometric form. Thus, 
for example, the multiple group calculations of three-dimensional energy dis- 
tributions of neutrons may be carried out only for plane cylindrical or spheri- 
cal geometry. Calculations of the transmission of fast neutrons and y quanta 
through the shielding are carried out by means of constants obtained for radia- 
tion sources of the simplest geometric forms. The possibility of applying 
these constants for sources of a more complex geometry is not obvious. 


The simplest radiation source is a point source. The radiation flux o(r) 
from such a source which is situated in an absorbing medium and which radiates 
q particles/sec at a distance r may be obtained from the relationship 


oe Ts (1) 


where the function f(r) determines the attenuation of the radiation flux in the 
substance, The function f(r), both for the y radiation as well as for the neu- 
trons, may be represented in the form of an exponential series 


—-V Rimi 
Hi= Nae ™ (2) 


t 


Here a; and kj, depend on the properties of the shielding, on the nature of 


radiation and on its energy. 
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For neutrons at a certain distance from the source we have 


PN = BASE ™, (3) 


where ASR; determines the spectrum of the source, and By and 4; determine, re- 


spectively, the factors of initial buildup and the relaxation length of neu- 
trons with energy E,. 


For the y quanta 


fn=> [Ale +a) Hin te Aig~ G44)) Mi 4 es 
i 
Paes (4) 
= 3 Bi(uir) ew 


In expression (4) ai, AS, aj and a5 are the coefficients of the exponential 


representation of the buildup factor for the scattered y radiation, which de- 
pends on the material of the shielding and on the energy of the y quanta, while 
; is the linear attenuation coefficient for the Y radiation with energy E,;. A 


similar expression may be written for the attenuation function of the y radia- 
tion intensity; it will differ from expression (4) only in that instead of the 
dose factor for the buildup of the scattered y radiation it will contain the 


energy buildup factor. 


When the absorbing medium consists of several layers of different materials 
expressions (3) and (4) become more complicated. Thus for fast neutrons the 
utilization of the method of the removal cross sections makes it possible to 
write equations (2), (3) and (4) in the form 


r a) mi 
“hi 0- > Omemd rem? 
m 


f(r) =D) BASze (5) 


where @ is the volumetric portion of the light (removing) shielding component; 
6, is the volumetric portion of the heavy shielding component; On Onemn is the 


macroscopic cross section for the removal of neutrons of the i-th energy group 
by the layer m which enters into the composition of the shielding. /114 


For y quanta in a heterogeneous medium the buildup factor for the scattered 
Y radiation may be represented in the following manner (ref. 1) 
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Ril inten , F 
bum 30 (3 we) — 3 a (3 at), o 


where N is the number of shielding layer; pir, is the thickness of the t-th 


layer of the shielding in terms of the mean free paths of the y quanta of the 
i-th energy group. Similar expressions for the buildup factor of the y radia- 
tion make it possible to retain the representation of the attenuation function 
f(r) in the form of an exponential series for any combinations of shielding 
layers. 


To compute the functions for the spacial distribution of radiation fluxes 
from extended sources, the latter are broken down into elementary volumes dV 
(areas dS or segments dt), each of which is considered as a point source with 
power qy dV particles/sec. The total radiation flux in the shielding » (r) at 


the point r is determined by the integral over the entire volume (surface or 
length) of the source 


= 1 qv (re) (Oe S19++-Stm) a 
o(r)=;) \ So im) dV g= 


—hyghs- Nin®in (7) 


4 av (re Va 
say ai § OV Ars ‘i ep 


Since summation over i is not reflected in the results of integration, it 
is entirely proper to consider an integral of the form 


~y 
ah Nh in 


pen | ee (8) 


The expressions for various extended sources obtained in this manner may 
be easily applied to specific versions of shielding calculation by taking into 
account all of the terms of the sum in equation (7). 


In many works (refs. 2 and 3-5) distribution functions for radiation fluxes 
are computed for sources of different geometric form. These calculations show 
that the plane isotropic infinite source (as well as the point source) is funda- 
‘mental, and for most extended sources the functions of three-dimensional flux‘ 
distribution may be expressed in terms of the function of a plane source. Here 
are some examples. 
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1. The radiation fluxfrom an isotropically radiating spherical source of 
radius R at a distance r, sp (R, r) may be computed in the following manner 
(refs. 3 and 6 


G26 (Rs 1) = 2 fpas'(r— R) — aa (r Ry, (9) 


(ch = sp = spherical; um = pl = plane) 


where (x) is the radiation flux at the distance x from an infinitely radi- 


ating plane. 


2. For a cylinder of radius R we have the approximate expression (8). 
Qua (R, r) 7 AR Pnal(r = R), (10) 
(qua =cy = cylindrical) 


where Poy (R, r) is the radiation flux from an infinite cylindrical surface 
radiator at a point situated at a distance r from its axis. 
3. The radiationflux from a source which has the form of a disk with {115 


radius R at a distance r along the normal to its center » (R, r) may be computed 
by using the equation 


Pauck (R, r)=: Pus (7) — Pas (VR?+P). (11) 
(gucK= disk) 


Thus a sufficiently large number of those surface radiation sources most 
frequently encountered in calculations may be represented by means of a plane 
isotropic infinite source. 


The radiation flux Pp1 (r) at the point situated at distance r from the 


surface of a plane infinite isotropic source is determined by means of 
expression 


Pua (7) = Quy (kz). (lla) 
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In expression (lla) kz: is the thickness of the shielding in terms of re- 
laxation length; E, (x) = | e dt is the integral exponential function. 
t® 


x 
Let us analyze the degree of accuracy associated with the widespread cur- 
rent method of computing radiation fluxes behind the shielding, which consists 
basically of breaking down the entire computation process into two parts: (1) 
the computation of radiation flux on the surface of the source; (2) the compu- 
tation of particle transmission from the surface source through the shielding, 
assuming that the angular distribution of this flux is isotropic. 


Let us consider an infinite volumetrically radiating plate with thickness 
d. We assume that the specific power! of the radiation sources qy (x) is dis- 
tributed along the thickness of the plate according to the law dy (x) = age*n* 


where x is the distance of the considered point from the surface of the plate; 


do is the specific power of radiation sources when x = ol, The quantity k, 


characterizes the slope of the source distribution curve; when k, > 0 we have 
an increasing exponent; when k, = 0 ay (x) = const = do the distribution of 
sources is constant and does not depend on x and, finally, when ky < 0, the 


distribution curve represents a descending exponent. Introducing the spheri- 
cal system of coordinates in such a way that the polar axis coincides with the 
internal normal to the surface of the plate, while the origin of the coordi- 
nates ison its surface, we can compute the radiation flux @ (0) on the surface 
of the plate at the origin of the coordinates. 


In this case 


an n/2 dj/eosp 
(0) = 2 J YL emtatemo-ner sin 0 dep dO dr, 
vo 0 


0 


(12) 


where k, is the linear radiation attenuation coefficient in the material of the 


plate. 


lin practice this type of distribution is universal, because the specific 
powers of sources for the captured or activated Y radiation in the plane 
layers of the shielding follow an exponential law. Usually two to three ex- 
ponents are sufficient to approximate the existing distribution with satisfac- 
tory accuracy. 
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Integrating expression (12), we can show (refs. 3 and 4), that 


(1) if q (x) = qo = const, 


(0) = sh Li — Be (hd) 


for the semispace d ~ ©, therefore 


9 (0) =—3f'3 


(2) when q (x) = age“, 


9 (0) =e {in 


AeA | — em tat, (gd) + Er [kn + by) dif. 


When k, = -kyn, expression (14) becomes indeterminant of the type »-© 


To solve it we must use the expansion (ref. 2) 


E, (x)= 3 (aay = — 0,577 — In| x], 


n==1 


which is valid for small values of x 


In| abe | p+ Ey (het be) d] = Ind (hy + &,)] — In yd + 


+) (Hy Ge ES 0.577 — In fd (Rn + ha] = —Ink,d—0.577. 


n==t hyo _ k, 


As a result we obtain 


p (0) = is [In k, d+ e-*s4E, (k, d) +-0,577). 


(13) 


(13a) 


(14) 
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(14a) 


Taking the fluxes on the surface of the plate (0) as the specific power 
of the surface source qp, we can compute the three-dimensional distribution of 


radiation fluxes in the shielding by means of equation (lla). 
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A direct calculation of the radiation flux behind the shielding, taking 
into account the self-absorption of radiation in the plate material, is reduced 
to the calculation of the following integral 


“ayy 


where k,x is the thickness of the shielding layers (in terms of relaxation 


Dalia 


£5 sin ddt dr do, (15) 


deo Ge = 
oancesee) h, (r- wast)7 


lengths); a is the distance from the surface of the radiating plate to the 
point under consideration. 


When q (x) = qo = const, 


see pe [Ea (kx) — Ey (hex + k, d)). (16) 


If, on the other hand, q (x) = ape*n*, we have 


*n 
{Ey hus)—0  B, [ex (A241) ] —embatEs (hee t+ hy d) + 
(17) 


fy 
(hyx+h dy kon 


oe E, [eats d)(Ge+1) |} 


The numerical results of calculations carried out by means of these equa- 
tions for different values of k,, and k, are presented in figure 1. 


Figure 1 shows the ratios of the radiation fluxes behind the shielding of 
thickness k,x, computed in two stages, to the fluxes computed by the direct 


method. As we can see from the figure, for a shielding thickness from kyx = 2 


20, for most versions calculation in two stages produces deviations which do 
not exceed 30-50 percent. In order to understand the computation results pre- 
sented in figure 1 more clearly, we shall examine the angular distribution of 


1 


radiation fluxes on the surface of the plate” for various values of k,d and k,d 


presented in figures 2-}, 


tin this case the radiation flux on the surface of the plate is interpreted as 


the number of quanta (particles) which intersect the area of 1 om= per unit 
time when this area is perpendicular to the direction of travel of the particle. 
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Figure 1. Ratio of fluxes behind shielding computed by 
approximate and exact methods. 


In the case of a sufficiently thin plate the flux on its surface is ani- 
sotropic and has a minimum value in the direction of the normal; as the thick- 
ness of the plate increases (when we have a constant distribution of radiation 
sources along its thickness) an isotropy of angular distributions takes place. 
These considerations clarify the reason for the increase in the fluxes {118 
beyond the shielding, computed in two stages. A large increase in the case of 
thin plates is produced by the incorrect proposition on the isotropic nature of 
the flux at the surface of the plate. The same explanation can be given for 
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Figure 2. Angular distribution of flux on surface 
of plate when q = Io = const. 


Paani Separate Pt obs te a 
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Figure 3. Angular distribution of flux on plate surface when 


-Kyx 
q (x) =a,e ™. 


the increase in the fluxes beyond the shielding, which have been computed in 
two stages for the case of large positive kd. 


A reverse picture is observed for a descending function of source distri- 
bution (negative k)- In this case the angular distribution on the surface of 


the plate has a maximum value in the forward direction, so that a calculation 
performed in two stages produces lower values for the flux behind the shielding. 
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Figure 4}, Angular distribution of the flux on surface of plate 


when q (x) = age : 


Thus, in computing the shielding we may use the method with the interme- 
diate calculation of the flux on the surface of the source only when k,, 2 0. 


When k) <0, particularly for large absolute values of Kk,» we must carry out 


the calculations directly, in spite of the fact that this increases the volume 
of computations substantially. 
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ATTENUATION OF RADIATION IN HETEROGENEOUS SHIELDINGS 


N. I. Laletin 


Attenuation of Primary Radiation in a 
Heterogeneous Medium 


Radiation shielding is frequently not homogeneous. In this case [119 
the attenuation of radiation by the shielding consisting of a sequence of plane 
layers may be considered, using the same methods as for the case of attenuation 
by a single layer. On the other hand, the analysis of shieldings pierced with 
rods and channels and also of shieldings containing hollow spaces of various 
form requires a special approach. 


In this article we shall consider the attenuation of primary radiation 
(assuming that there are no collisions) in a two-component heterogeneous medium, 
which consists of a filler medium (the mean free path in this medium is equal to 
hy)> containing slugs of arbitrary form (which, however, are bounded by a con- 


vex surface) with a different interaction cross section Xo (and Ay = W/Z, 
accordingly). 


We introduce the following designations: 2& (r) is the macroscopic cross 
section of radiation interaction with the substance near point r, p = Vei/ 


where Vel is the volume of one slug; v is the volume of the filler correspond- 
ing to one slug; S is the area of the slug surface; X is the length of a vector 
segment of assigned direction in the slug; ¥ (x) dX is the probability that X 
will have a definite value. This probability is normalized in such a way that 


f°) 
J y (X) X ax = Vv, Then ¥ (X) dX has the following geometric meaning: 


(0) 
y (X) aX represents the projection of the element of area dS of the slug's sur- 
face on vector r (§, ) in such a way that the length of the vector r (8, g) 


segment, which pierces this area in the slug, lies within the limits from X to 
X + 6X. 


1° 


Let us consider a large, but finite medium containing N slugs distributed 
at random; the total volume of the filler is V. Let us determine the following 
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probabilities for such a medium. Let us assume that a neutron (or y-quantum) 


originates at point ro in the filler and travels a distance |r - r,| without 


i = (r) ar 


collision. Obviously the probability of such an event is equal to er 
where the integral in the exponent is taken along the ray |r - Pali In this 


case there is a definite probability Po that the neutron will not intersect any 


of the slugs or a probability Pa that it will intersect n slugs. In this case 


point r may lie in the filler or in the slug. Ina similar way we can establish 
a probability that the neutron which originates in the slug will not leave the 
slug or that if it does leave the slug, it will intersect a certain number of 
slugs. Point r is again either in the filler or in the slug. 


We let 9 be the path traveled by the neutron in the filler and Y be the 
path traveled in the slugs (p +Y= le - rol )- Let us assume that the genera- 


tion density of neutrons having a specific direction in the filler is equal to 
dy (9, p)» and that in the slugs it is equal to a, (8, @). Then the area 


y (X) aX of some slug will be intersected by those neutrons which originate their 
path inside the cylinder (the base of the cylinder consists of the same area 

¥ (x) aX and its height is equal to 0). The proportion of such neutrons in the 
total mass is equal to ¥ (X) aX 04,/Vq, + Nei I ° This quantity is a measure 


of the probability that the neutron, whose path in the filler is equal to » and 
whose direction of flight is given by angles (9, »), will collide with a /120 
given slug in such a way that the maximum possible path in the slug will lie 
within the limits X - (X + 6X). The probability of any collision of neutrons 
of this type with the given slugs will be equal to 


@ | ¥(X)dxq wo 
G = 070 (9. 1) 1, [ oo(#, @) = [ ¥(x) ax]. 


VartNveng2 Vail Nooade ” 4 


(6 = sl = slug) 


Since the number of slugs is equal to N, the probability that the neutron 
which originates in a filler with direction (9, ) and path length p in the 
filler will intersect at least one slug will be P, = 90,/v. 

We note that in obtaining an expression for P) we have not yet made use of 
the proposition on the random distribution of the slugs. In order to obtain an 
expression for the probability that n slugs will be intersected, where n> 1, 
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we must use this proposition. The total probability that a neutron which orig- 
inates in the filler will intersect n slugs will then be represented by the 
product of the probabilities that it intersects one slug. 


n 
Ie. 
j 


The various combinations of N slugs taken n at a time will be 


Ha INN, 
Cy = (N--a)int * 
Therefore the expression yi) 11 eae @ will represent the probabil- 
if je 


ity that a neutron originating in the filler will intersect not less than any n 
slugs; in this case its path in the first slug will be Xi in the second it will 


be X,, etc. 
n 
By letting N tend to infinity we obtain |[ “Oe for an infinite 
medium, and integrating over Xs» we obtain _j=t 


P, = (G9Q)"_ 


neato" 


The probability that none of the slugs will be intersected is obtained 
from the condition 


n) 


Py-t PyPi + PoP2-l ... =P.(1 a ia Py )= 


Here the products Porn represent the probability that the neutron intersects 


exactly n slugs. Substituting the latter equality into the expression for Pp 
we obtain 


If we reason in a similar way, we find that the probability for a neutron 
originating in the filler and traveling a path p in this filler to intersect 
(n-1) slugs and to travel a path y after colliding with the n-th slug is given 
by the expression 

M8 OW dXs 


e iL oy (a—Nl 
feel 
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The probability that a neutron originating in the slug will intersect {121 
(n-1) more slugs and travel a path go in the filler is given by the expression 


* aT {2 oY, dX; Wdy 


area ai 
j=! 


If such a neutron collides with one more slug and travels a distance Vy in this 
slug, the probability will have the form 


a "Is ate ere CU 


(n~-J)! v uv 


There is still some probability that the neutron travel will be contained 
entirely within one slug 


Bi See 


ap (r varies from 0-X). 


By using these expressions for the probabilities of different events we 
can solve a series of problems on the propagation of radiation in the considered 
heterogeneous medium. 


For example, let us compute the average mean free path of a particle for 
the case q = a5 = const 


dv e ge x (r’)|r—r’ | 
anew = | yin (dv eet = 


UM 
- Yn Ver Je rir | ee VSR [ee [P a fen Sar | = (1) 
ny 
= SG er tdre (88 [ar | fe im 


Li § 100 
(ob = eff; au= cell) 


When integrating over the volume of the cell in the last expression we 
divide the integration region into parts according to the following procedure: 


vy is the part of the filler volume such that the radius vector, which has a 
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value |r-r'| and direction (9, p) and which originates in this volume, inter- 


sects n slugs and terminates in the filler n =0, 1, ..., ~); Ve is the same 


radius vector which originates in the same part of the filler volume and inter- 
sects n slugs terminating in the (n + 1) slug (n =0, 1, ..., &); v5 is a part 

of the slugs' volume such that the radius vector originating in it intersects n 
more slugs and is terminated in the filler (n = 0, 1, ..., @); Vi is the radius 


vector which originates in this part of the slugs' volume, intersects n slugs 
and terminates in the slug (n =0, 1, ..., »)3 Ve is a part of the slugs' vol- 
ume such that the radius vector which originates here is contained entirely 
within one slug. 


For the heterogeneous medium under consideration the ratio v/v (k = 


cell 
1-5) coincides with the probabilities determined above. Taking this into ac- 
acount and also transforming from the integration variable r to variable po in 
expression (1) we obtain 


eee 
own = | ar (Vs vag do -|- 
\e 
co 
NI 
eee ~290_y co ~—Xe YY, Xin 
a foo > me ( \\ j=1 ov ans 4 
+ Dd.. \ Via ® le e Ir 
n=i 0 0 
© © 000 co 4X3 p> Xjon foe) x 
Ss —220- ~ MG dX 
ey ( doe 20— \{ fe } Te eC aa \ ax | eB dy + 
noo “oO i » 8 
a 
34 Ne 
co Qo foe] Xa Xjon tc) x (2) 
—=e 2 Tike At yw dX; * 
y i ¥ aXs ae esd 
+ { dee \ \ fe TT 94a? \ ax | ete 
n=00 0 jet 0 0 1 
Mitch > Bd SY Mtn aa ch sdyetialoarg cbs ig wh dena cte el aid: WU Ne 8 kSe a tae 
we Mit eP iete _ eeye yyy. 
Sqep on eee P(x1%2)] 
2a 
“ sin 0.d0 dep 
f (41,%2) = ( ( a 
00 


4 I ° 
4n {i+ eS Ny W (X10, ~) [L—e— 224] ax} 
i) 


Here f (x, 5X5) is a function which depends on the dimensions of the slugs [122 


(x, = /S) and on the distance between them (x, = 4 /s). The form of the 


lye. 
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function is determined by the shape of the slugs. Thus for slugs which have 
the form of spheres 


f (%,%2) = ———--- ++ ____ odo o 


e 


i uu 
ain 7 eee: 
Vi-e [1+ i oe \ Vi we ° du | 
” 


(3) 


whereas for infinite circular cylinders (when the axes of all cylinders are 
parallel) 


yt 


ee. 
1 8 8 (14-5: 82) ~2%2) (4 
oe ee eee ae 


P, (X452%2) += \ yee ; 


N Con 


which represents the probability that the neutron undergoes its first collision 
in any slug, assuming that the neutron originates only in the slugs and that 
x, 


= . (x,, Xp) -1)]. 


the source density there is constant f (x, Xp) = 14> 


When x; ~ ©, the quantity P, (Xo, ®) gives us the probability of collisions, 
determined for an insulated slug. P, (Xp, ) is tabulated in reference 1 for 


Slugs which have the form of an infinite plate, a sphere and an infinite cir- 
cular cylinder. The quantity P, (x,, Xp) is tabulated for a lattice of circu- 


lar cylindrical slugs with parallel axes in reference 2. For a lattice of 
spherical slugs and also for slugs of other shapes situated at random not only 
with respect to the distance between them, but also oriented at random with 
respect to each other, the quantity Pi (x1, Xo) is expressed simply in terms 
or .P, (x5, @); 


I+ 11 — Pe (12.00)) (2-1 ) 
Gis 
1422 [1 Pe (x, 2] 
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Let us consider the attenuation of monoenergetic radiation emitted by a 
plane homogeneous source at an angle # with respect to the normal to the plane 
of the source. In a homogeneous medium at a distance z from the source the 
density of particles which have not undergone any collisions will be equal to 
ge7Zz/ cos a In a heterogeneous medium the density of particles at a distance 
z from the source, generally speaking, will be a function of the coordinates x 
and y. If distance z is much greater than the linear dimensions of the cell in 
a heterogeneous medium (in which the slugs are distributed at random), then, by 
averaging out the density of particles at the distance (z over x and y), 12 
we obtain 


n(z)= & as Zar as app cos & 


or by replacing the average value over surface S, which intersects an infinitely 
large number of cells, with the average value over the shell, we have 


q at, VS Le 
\ dv Pa dr ce Rapp eS 0 


integrating the last equality over r = z/cos oe in the limits 0-~, we ob- 
1 = dV —{xar 1 
tain “eff ae ¢ *  @r, which coincides with the quantity determined by means 
ve 
cell 
of expression (2). 
This result is naturally generalized for a plane source with an arbitrary 
distribution of emitted particles and also for a source whose surface is dis- 


torted, including the case when its radius of curvature is much larger than the 
dimensions of the cell in the heterogeneous medium. 


Thus, if a layer of homogeneous shielding (characterized by the mean free 
path dno? attenuates the primary radiation by a fixed factor, then in order to. 


attenuate the primary radiation of the same source by the same factor, the 
thieckness of the heterogeneous shielding layer must be equal to 


Renn 1 1-+-P 
Xpor = XLrom Pe 3 Avon = wo oer 


x 1 P 
rom woe 
(ret = he = heterogeneous; rom =ho = homogeneous) 
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When ho +o (medium with cavities) 
__ P2Q : : pe . 
Aap = Ay (1 +P+ per x) and Nrer = Xrom i 1+ (cee Qx, | ‘ (6) 


Here Q is a factor which depends only on the shape of the cavity (ref. 3). For 
spheres Q = 9/16 (approximately 0.5625), for infinite cylinders Q = 2/3. 


When Ay +o, 
oe 0S 6 os a ee ae See 
Roop = Ma {+ Tp Pipe Pete (7) 
dow xeon pI Py. (Xz, 0) 
Aeow Xrom (PY Pe 3,00) * 


When Xp < il, 


Ran wh 
P.(X2, 00) = Qu, (ref. 1); a we bye Or 


When Xp > 1; 


1 , un) 


Pe (%2, oo) = 1 xy , Areas 


I 
or 


TES Doe 


Let us compare the obtained results with the Smith equation (refs. 4 and 
5), obtained for a medium with a random distribution of cavities of arbitrary 


shape. Smith presents the factor f = Ae 6 S10 s3°/2, where ¢ is the 


ratio of the volume of the cavity to the total volume of the medium (porosity), 
and S is the average distance between the cavities, measured in units of the 
mean free path of radiation in a continuous substance. Noting that in terms of 
the symbols utilized in equation (6), @ = P/1 + P and § = X,» we conclude that 


equation (6) and the Smith equation have the same form, but differ somewhat in 
the numerical coefficient. In place of the factor 1/2 contained in the Smith 
equation, equation (6) has the factor Q, which is somewhat greater in value and 
which differs for cavities of different shapes. Equation (6) is valid for {12h 
cavities bounded by a convex surface, and therefore, for example, in the case 
of a medium which represents the layer of shot poured at random we should com- 


pare equation (7) with the Smith equation. In this case $ = ea. S = xX, and 
Xr, 
equation 7 takes the form ff = 1 + OS {SS oT i.e., instead of the 
en +} , 
no 
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Pe(S, ©)__| which is approximately equal to Q 


factor 1/2 we have the BUSHES EY sii Pulse) 


when S << 1 and equal to P,/S (1-P,) +1 when S>>1. The difference between 
the Smith equation and equation (7) is shown in figure l. 


The results are also valid for a heterogeneous medium in which the slugs of 
arbitrary shape are placed at random. For a medium with slugs having the form 
of infinite cylinders (with an arbitrary cross section) the results will also be 
valid when the axes of the cylinders are parallel to the plane of the source, 
but the cylinders as before are situated at random with respect to each other. 


In this case, if we have a medium with an infinite circular cylinder, func- 
tion f (x, , %,), which affects h..,, is determined by equation (4). However, if 


the axes of the cylinders are parallel to each other and are perpendicular to 
the plane of the sources, the preceding considerations lose their meaning. In 
this case radiation attenuation will be described by a function of an entirely 
different type compared with the one for the case of homogeneous shielding, and 
the variation can no longer be taken into account by introducing dope? 


Figure 1. Value of factor obtained by Smith and 


given by equation (7): 1, relationship 1 + 8-3; 


2 Pe (Ss, at 


2, relationship 1 + $ ——~—__—__; 
; 1-P, (8, @)’ 


3, relation- 


ship 1 + 3s; 4, relationship 1 + 0.58°s. 
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The Diffusion of Monoenergetic Neutrons 
in a Heterogeneous Medium 


Above we considered the propagation of primary radiation from sources in 
heterogeneous shielding (radiations which do not undergo a single collision). 
It is also of interest to consider the propagation of scattered radiation in a 


heterogeneous medium. 


In order to understand the qualitative features of the problem we shall 
consider an idealized case: we shall investigate the propagation of single 
energy radiation far removed from a- source in a heterogeneous scattering non- 


absorbing medium. 


In this case the integral form of the kinetic equation is [125 
& cr 
— { xeyde ~ { zar 
Diya {Bede meray, | are fay (8) 
Amir. gf 2 3s 4xjr—r' 2° 


Here @ (r) is the flux of particles at point r; q (r) is the source density at 
point r (it is assumed that scattering by all of the nuclei is spherically 


symmetric). 

Let us consider a two-component heterogeneous medium with cylindrical 
slugs of arbitrary cross section when the directrixes of the cylinders are 
parallel to each other. 


We place an infinite plane source at infinity (i.e., at a distance from 
the considered region, which is much greater than the mean free path in the 
components of the medium), and let the source plane be perpendicular to the di- 


rectrixes of the cylinders. 


The second term in equation (8) vanishes and the equation assumes the form 


vr 


~ § scar (9) 
o(jal Bees = ave 2 
dpe rie 


The solution of this equation will be a linear function of. z (the z axis is 
perpendicular to the source plane), which is independent of the coordinates x 


and y. 


Indeed, 


~“G@n[r—r' Jaa} 


N zeerye J ave ef sire" J Mare {42 fe-m= 1 
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and the equation may be written in the form 


ea ae yo WV 0, 
dnje--r js) 7 ™ 


i.e., 8 (r) must be a function of the type that the difference $ (r)-# (r') for 
any point r makes the integral equal to zero. This is possible only if 
$ (r) = a + (48/az),, z where &, and (48/dz),, are constants. 


Thus the flux of neutrons (and consequently the density of neutrons) is 
constant along the cross section of the cell in the heterogeneous medium. On 
the other hand the flux of neutrons through a unit element area, whose normal 
is parallel to the directing cylinders, will depend on the position of this 
element in the cell. Indeed, 


§ Xdr dv’ 


I(r) = { L(e' )D(r") cos de J *e aye fd a (Helge: tee 


4njr—e pe a, inter 2 


Averaging out the stream I (r) over the transverse cross section of the cell, 
we obtain 


\ xae 
dS (:Z(r’) |r—r’ | cos? te J " dV’ fd ) 
T()= \; Sui, (= “Ane! oF 71 ne \ dz , =di() 


It is natural to call the quantity a the effective coefficient of longitudi- 


nal neutron diffusion in a heterogeneous medium. Writing this coefficient in 
the form 


~ J 2dr 
Dew ( dv ar dv" 
= Vin 4n|r—r’ j2 ’ 
Ay 


we note that it is expressed by an integral of the same type as those which we 
considered above in determining the attenuation of primary radiation. [126 
Consequently this integral may be computed for media with small slugs distrib- 
uted at random distances from each other 


_ Ay PA, (Ay-— Ay)? _ 
Di = 30 py 31 Ppa! Fa Heme) (10) 
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where 


fy (Xux2) = 


ir) 


7 
( . aes nddi dp 
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For slugs which have the form of circular cylinders 


Fu(%1.%2) =3 | Sc ee (11) 


when A,—> oo Dj me 1+ + PH: S305 ; x) (medium with hollow channels); 
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when *,> 10 fy (4.42) ~ | cos? sin t (sacs sf W(X) [l—e7224] dx} dd dy (medium with 


ae oe 


sparsely distributed na ; 


In this limiting case the result also remains valid for media with slugs 
which form any regular lattice (not limited to those with random distribution). 


fe) 
When 5a << 1 and Xp <1 D ~ Dio = > as was to be expected. 


For a heterogeneous medium which has the form of infinite plates (in our 
proposition concerning the random distribution such plates may intersect each 
other) 


1 
Fy (41,42) =f. \ (4?) du 


= (12 
0 14 (ie tu) ) 


For a heterogeneous medium which has the form of infinite plates, the coef- 
ficient of longitudinal diffusion is computed simply when the plates are situ- 
ated parallel to each other at equal distances from each other (ref. 7). In 


this case 


eg ee eal te 
s+P. (Ay—Ag)?- 1 , _ (1—a2 Fu (e_ Ute MH 2H ) 
2 Vs i OEP) ix; a (te a as du |. (13) 
—e 


Equations (10) and (13) give the same results in the two limiting cases: 
when xy >> 1 and sa << 1; Xp << 1. Direct calculation shows that the results 
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obtained by means of equations (10) and (13) do not differ too much over the en- 
tire interval of x and Xp° This situation permits us to maintain that the 


utilization of equation (10) for media containing slugs which have the form of 
circular cylinders and are placed in a regular lattice will not lead to a large 
error for any values of x and Xp- 


The situation is the same for distribution of neutrons along the slugs 
(longitudinal diffusion). 


During the distribution of neutrons in the perpendicular direction (trans- 
verse diffusion) the solution of equation (9) must be written in the form [127 


D(r)= Dy (EP x AM (x, 9). 


Here , and (48/dx),, are constants. The first two terms on the right de- 


scribe the behavior of the neutron flux averaged out over the cell, and Aé (x, y) 
describes the microstructure of neutron flux. The microstructure A$ (x, y) must 
be proportional to the gradient of the mean flux, and if we have even one axis 
of symmetry for the shell of the heterogeneous medium, A$ (x, y) will be an even 
function of y and an odd function of x with respect to this-axis. We can write 
A® (x, y) = (a8/ax), f (x, y) where f (x, y) depends only on the characteristics 
of the medium. 


The flux through a unit area whose normal is parallel to the x axis will 
have the form 


“Amt yr se? [2 


I(r) = (2), {{ S(r')ir—r’ | sin? cos? @ — { xar dV + 
“fk \ Ze) F(x", y')sin Doospe | | ara 
: “An ypr—r’ 2 —*}. 


Averaging this flux over the transverse cross section of the cell, we obtain 


ron J aa (Sreonnsgate Tare 


Sir (14) 
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The quantity D, above plays the role of the effective coefficient of transverse 


diffusion. We can see that the expression for D, may be divided into two parts: 
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the component Dj which is completely analogous to the coefficient of longitudi- 
nal diffusion and a second component Di which takes into account the presence 


of microstructure in the distribution of neutron flux. With regard to the cal- 
culation of the first component we can repeat everything that has been stated 
concerning the coefficient of longitudinal diffusion. The second component, 
however, is more difficult to compute. However, it can be easily obtained in 
the simplest case: for a heterogeneous medium in the form of plane parallel 
plates of two types. In this case the solution of equation (9) will have the 
following form, when the neutron distribution is across the plates. 


O=m+ (4 a oF +(e s ar (15) 


(cp = med = medium) 


Here the flux microstructure is described by the third term on the right. 
Using expression (15) to compute the coefficient of transverse diffusion, we 


hats Ne 
obtain where 
a ea 
‘4 1 - st -32 - at 
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Thus for a medium consisting of plates without absorption, the coefficient of 
transverse diffusion for any plate thickness is equal to the diffusion coeffi- 
cient in the corresponding homogeneous mixture. When the microstructure of the 
flux is taken into account the magnitude of the transverse diffusion coefficient 


decreases. 


For a heterogeneous medium with circular cylindrical slugs we can maintain 
that when the diameters of the slugs are much less than the mean free path of 
neutrons in the filler, the effect of microstructure in the distribution of the 
flux will be small and the coefficient of transverse diffusion will be [128 
represented approximately by the first component 


Ag+ PA. Ay Ay)? 
Di = teen aria P; (L— Fy (%1,¥2)], (16) 
yy i 3d 
where fy, (X4.X2) => \ gears is fer 
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As the diameters of the slugs increase, the role of the second component 
becomes more and more pronounced. If, however, we take into account the micro- 
structure, the value of the transverse diffusion coefficient decreases, i.e., 
D, s Di. For slugs with a diameter much greater than the mean free path of 


neutrons in the filler, the distribution of neutrons between slugs and in the 
small slugs is described with sufficient accuracy by the elementary diffusion 
equation. Solving this equation for a cell of a heterogeneous medium, we can 
find the limiting expression for the effective coefficient of transverse diffu- 
sion. This expression will depend on the shape of the slug lattice, and it is 
not eee simple to find its exact value for real lattices (square, triangular, 
etc.). 


The effective coefficients of transverse diffusion may be represented ap- 
proximately in the form 


wm AYA 
[ees Ree Levee he 
muvee Ag : We A-bay, 
le Ogre ig ea * (17) 
vee 


(qupp= diff = diffusion) 


Here w is the area of the transverse cross section of the slug; W is the area 
of the transverse cross section of the cell. This expression is valid (in the 


diffusion approximation) for the Wigner-Zeitz cell (when w/W -~ il, Do ad ho/3 


and when w/W — 0 bo ad d,/3)- It is valid for any lattices when w/W are 
small, within the accuracy of terms w/W inclusive. For a square lattice it is 


valid with an accuracy to within the terms (w/w)? inclusive, for a triangular 
lattice (the slugs are placed at the apexes of an equilateral triangle) up to 


terms (w/w)? inclusive. 
Thus, in evaluating the coefficient of transverse diffusion in a heteroge- 
neous medium we can proceed in the following manner. We represent Di and pore 


in the form of functions of x = a/PrA, for a fixed parameter P = w/W-w and let 


xo be the point of their intersection, i.e., 


Dt Gf) = DEF Gd). 


185 


Then, if we evaluate the effective coefficient of transverse diffusion by means 
of the expression (16) for D® when x, < and by means of expression (17) for 
eae when x > =e we obtain a sufficiently close approximation for De [129 
over the entire interval for x, and x, (fig. 2). In this case the true value 
of Dy is, in any case, not greater than the approximate value. 


Qualitatively, this picture also takes place when we consider the trans- 
mission of neutrons in a heterogeneous medium with bounded slugs (spheres, 
cubes, etc.). The general solution of equation (9) may again be represented as 
a superposition of the linear function, which describes the variation in the 
averaged neutron flux and by means of a function which describes the micro- 
structure of neutron distribution. When the dimensions of the slugs are much 
less than the mean free path of neutrons in the filler, the microstructure will 
be small and the effective coefficient of diffusion is described approximately 
by equation 


N20 -9 
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which is obtained in the same way as equation (16) for a medium with cylinders 
(it is assumed that the slugs are distributed in a random fashion). If the 


slugs have the form of spheres with radius R, then Xo “3, and 


D= A+ PA, (Ay — A2)® eh : Sarees : 
3(1--P) 3A, (1 P) aa 3 aes a 
; ee ee ee a cE} (19) 
1 ite 


When the slug dimensions are much larger than the mean free path of neu- 
trons in the filler, we can again use the elementary theory of diffusion. For 
the effective coefficient of diffusion (in a medium with spheres) we obtain, in 
this case, 


1-2... Mic de, 
et W 2aythe | 
3 page : Mahe (20) 
WAP de 


Here W is the volume of the slug; W is the volume of the cell of the heter- 
ogeneous medium. The equation has been obtained for the Wigner-Zeitz cell, but 
it is valid for small values of w/W (for a medium with any distribution of slugs) 
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Figure 2. Coefficients of longitudinal 
and transverse diffusion in heterogeneous 
medium with circular cylindrical rods (Aj 


= 0.423 cm; Ay = 2.75 cm; p = 0.65); 1, 
diff 
Di/Dnos 2, D'/Dyos 23 Dy” /Dyo- 
with a degree of accuracy up to terms W/W inclusive (ref. 8). For a medium 
with lattices of high symmetry the equation is valid with a high degree of 
accuracy. 


Equations (10)-(20) are obtained for heterogeneous media without absorp- 
tion. It can be shown, however, that when conditions Dg,/Z, << 1 and Zgo/ 


Lo << 1 are satisfied, the average flow, as before, will be approximately pro- 
portional to the gradient of the average flux and the coefficient of pro- 
portionality, i.e., the effective diffusion coefficient will be described by 


the equations obtained previously. Then the average flux may be expressed by 
means of the conventional wave equation 


DAW -- 2. =0, 


au 


where fy = Palo ta (F— 8) is the averaged cross section of absorption. 
The quantity L=WYWD/S, plays the role of the effective diffusion length. 


By making use of equation (10) for the effective coefficient of longitudinal 
diffusion in a medium with cylindrical slugs, we obtain the following expression 


for the quantity 7=2 (3=4}") 
(i) 


(Zai-1- Za2P) Ag 
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When Xo = © (a medium with the hollow channels), the latter expression [130 


takes the form 


x4P2 


n= (1--PP+5 O45, (22) 


i.e., it agrees with the results of Fursov (refs. 6 and 9) and Behrens (ref. 3). 


For the transverse diffusion of neutrons in a medium with cylindrical slugs 
and for diffusion in a medium with spherical slugs we should utilize equations 
(16) and (18) when the dimensions of the slugs are small, or (17) and (20) when 
the slugs are large. In this case 
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When Ao =o, 
fF = (14 Py on for cylinders 
and : 


2 
i =(1+P)? +Q2e for spheres. 


A Long Hollow Channel in the Shielding 


None of the preceding results is applicable to the case of practical in- 
terest concerning the propagation of neutrons in a shielding with a long hollow 
channel, Indeed, let us assume that the medium which fills the semispace 
z> 0 has an infinite cylindrical channel and that an infinite plane source of 
monoenergetic neutrons is placed in the plane z = 0, Near the channel the dis- 
tribution of neutrons which have not undergone collision will then be different 
than that in a continuous medium, and the introduction of Agpp is not expedient. 
Frequently it is also meaningless to introduce the concept of the effective co- 
efficient of diffusion for the scattered neutrons, because in order that the 
Wick law be valid (i.e., that the flow through some cross section be proportional 
to the gradient of neutron density at this place) it is necessary that the con- 
tribution to the stream is determined by neutrons which have undergone their 
last collision close to the considered cross section, whereas the contribution 
from the remote regions is small. 


When we have a hollow channel this condition is usually not satisfied. 
Indeed, neutrons from the very remote regions can reach the section under con- 
sideration through the channel without collisions. If we have a plane infinite 
slit, the concepts “effective coefficient of diffusion" and "effective dif- 
fusion length" are meaningless at any distance from the source. 


In the case of a hollow circular cylindrical channel the situation is some- 
what different. There is a region near the source whose dimensions are of the 
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order of the free path or of the channel diameter, where it is difficult to make 
any statement concerning the distribution of neutron density. However, if the 
neutron absorption is relatively weak and the neutron diffusion length in a con- 
tinuous medium is much larger than the channel diameter, then behind this region 
there is another region in which the flow through the transverse cross section 
of the channel is approximately proportional to the gradient of neutron density. 
The dimensions of this region are determined by the following conditions (ref. 


6) 


Cy ay and 1 te! io 1, 
1 


where d is the channel diameter; L is the effective diffusion. length; Zy is 


the coordinate which characterizes the beginning of the region, and Zo char- 
acterizes the end of the region. 


Beyond this point the Wick law is again violated. Qualitatively the 
picture is explained in the following manner. At any cross section of the 
channel the value of the stream is determined by neutrons which arrive there 
directly from the source and by neutrons from the walls of the channel. The 
stream component due to the first contribution decreases, being inversely 
proportional to the square of the distance from the source. The second /131 
component is proportional to neutron density close to the element of area on 
the surface of the channel and is inversely proportional to the cube of the 
distance from this area to the cross section under consideration. 


In the first region the contribution made by neutrons from the source and 
that by neutrons scattered by the walls of the channel are comparable. In the 
second region the contribution by neutrons scattered by channel walls is more 
prevalent, because the diffusion length is sufficiently large and the basic 
contribution is made by the close regions. In this region the neutron density 
increases as z increases in approximately an exponential manner with an "effective 
diffusion length" given by equation (22). As the distance from the source in- 
creases, because the exponential undergoes a greater variation than any other 
algebraic function, the regions remote from the considered cross section produce 
an ever-increasing contribution to the stream. Wick's law is violated, the neu- 
tron density is not described by the wave equation even approximately and its 
variation is no longer exponential. 


Let us determine the stream of neutrons through the transverse cross section 
of the channel situated at a sufficiently great distance from the source. We 
shall assume that the neutron density in the substance along the length of the 
channel is described by the same exponential which, strictly speaking, furnishes 
correct values for the density only along the second region. Then we shall have 
the following stream through a unit cross section 
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2x <0 
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(coordinate z is measured from the cross section under consideration). 


ofFea 7 con 0 sin Odd dd dpdr 
4nd 


Carrying out integration over r and evaluating the integral over 3d, we 
obtain 


dL 
Is 82 Do; (23) 


where a, is the value of the flux at the beginning of the channel. 


We can see from the calculations that the stream through the cross sections 
of the channel which are remote from the source, due to neutrons from the channel 
walls, is determined by the region which adjoins the source, and the dimensions 
of this region are of the order of L. Therefore the error introduced by assum- 
ing that the neutron density distribution is exponential along the entire length 
of the channel is insignificant. Indeed, the deviation from the exponential law 
in the immediate vicinity of the source will produce an insignificant effect be- 
cause this region is small. At the same time we neglected the contribution of 


the third region to the stream. 


However, at this point we may have some doubts. Indeed, we can neglect 
the contribution only if the neutron density varies exponentially. Actually 
along the third region the density varies at a much slower rate. However, 
the contribution to the stream from this region does not depend directly on 
neutron density, but, roughly speaking, depends on the gradient of the density, 
which actually is much smaller than when we have an exponential variation in 
neutron density. Consequently we have more reasons for neglecting the con- 
tribution of the third region to the stream. 


The neutrons flying from the bottom of the channel will also make a con- 
tribution to the total stream through the considered cross section. This stream 


will be equal to 


nd? 
1: a Po i622 si( 1+ +o), (2h) 


Equation (24) may be used to evaluate the stream (which in this case is 
approximately equal to the flux) of neutrons at the output of a long channel, 
starting with the boundary of the active zone and passing through the shielding. 
The situation that equation (23) is obtained for a channel in a semi-infinite 
medium is not significant, because the stream is determined by the magnitude of 
neutron density at the initial region of the channel. 


If it is necessary to evaluate the stream at the output of the long channel 
passing through the shielding and also penetrating the active zone, the component 
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in equation (24) due to neutrons from the bottom of the channel should /132 
be replaced with the stream produced by neutrons flowing out of the channel walls 
in the active zone. Let us assume that the neutron density along the channel 
part of length B, which passes through the active zone, is constant. Then by 
carrying out calculation steps analogous to those used to deduce (23), we obtain 


nd? a2 7 1 1 4 
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and when B << z 
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and the total stream 
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SELECTION OF A SYSTEM OF FUNCTIONS FOR THE EXCITATION 
OF LEVELS DURING ELASTIC SCATTERING OF 
NEUTRONS BY IRON, NICKEL AND NIOBIUM NUCLEI 


D. L. Broder, A. I. Lashuk, I. P. Sadokhin and A. P. Suvorov 


A knowledge of the cross section of inelastic scattering of fast [132 
neutrons with the excitation of different nuclear levels is extremely important 
for the calculation of fast reactors and for biological shielding and is of great 
interest from the standpoint of nuclear theory. This is responsible for the 
large quantity of experimental works devoted to the study of both the total cross 
section of neutron inelastic scattering by iron nuclei as well as of the dif- 
ferential cross sections of excitation for different levels. A somewhat smaller 
number of works is concerned with the study of the excitation cross sections for 
the nickel and niobium nuclei levels. 


Measurements are usually conducted by two methods. The first of these in- 
volves the measurement of cross sections by the detection of neutrons. The sec- 
ond consists of studying the spectra of y-rays which form due to the decay of 
the excited states produced by the inelastic scattering of neutrons. 


Unfortunately to date there has not been a sufficiently exhaustive analysis 
made of all available data concerning iron and nickel nuclei. The analysis of 
these data shows that they are far from complete and in many cases do not make 
it possible to obtain single values for the cross sections of interest. To ob- 
tain a clearer picture we carried out experiments to study the cross section of 
inelastic scattering of neutrons by levels of iron, nickel and niobium nuclei, 
involving the measurement of the spectra of y-quanta formed as a result of the 
decay of the excited states of these nuclei. 


In order to obtain monochromatic neutrons in the energy range of 0.8-2.5 


MeV we utilized the reaction p33 (p, n) He, which was achieved by means of an 
electrostatic generator of the Van de Graaf type in the energy range 2.5-4 MeV 


and the reaction D (d, n) He?, obtained by means of a cascade accelerator. 


The spectrum of the -y-rays was investigated by means of a scintillation y- 
spectrometer. The detector consisted of a NaJ (Tl) crystal with dimensions 40 x 
40 mm, used with a type FEU-13 photomultiplier. The pulses were analyzed [133 
with a 128-channel amplitude analyzer. The neutrons falling on the scattering 


element were monitored by an all-wave boron counter and a y739 fission chamber. 
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The purpose of the experiment was not to resolve the resonances in the cross 
section of inelastic scattering produced by the presence of the levels associated 
with the composite nucleus. Therefore in order to increase the intensity of the 
neutron source the tritium and deuterium targets had a thickness of 30-50 keV. 


The geometry of the experiment was annular (ref. 1). 


Iron 


In a natural mixture of iron isotopes the most prevalent one of Fe©_91 68 


percent; 5.84 percent is represented by re", 2.17 percent by Feo? and 0.31 per- 


cent by Fe, It should be pointed out that the cross sections of inelastic scat- 
tering vary rather smoothly from one isotope to another. This simplifies the 
analysis of experimental results obtained for the natural mixture of isotopes, 
because the addition of an isotope, which is not too prevalent, to the test sample 
cannot produce a sudden increase in the output of y-quanta. In our experiments 
the effects produced by isotopes with a prevalence of less than 2-3 percent were 
practically undetected. Therefore, in the case of iron we can expect a detect- 
able contribution to the reading of the detector only because of the inelastic 


processes associated with the re?" and Fe nuclei. 

Figure 1 shows the results of measuring the magnitudes of the y-quanta out- 
put cross sections during the inelastic scattering of neutrons as a function of 
their energy. When the energy of neutrons was 4 MeV, y-quanta of the following 


energies were detected: 0.84, 1.02, 1.23, 1.41, 1.81, 2.15 and 2.6 MeV. The 


analysisof the decay scheme of the excited states of Fe and Fe nuclei (ref. 
2) has shown that all y-lines, except 1.41 MeV, are due to the inelastic scat- 


tering of neutrons by Fe? 


nuclei. The y-quanta with an energy of 1.41 MeV 
occur as a result of the excitation of the first level of Feo4 by the neutrons. 
In the experiment these quanta are detected only when neutrons with energies 
greater than 1.41 MeV interact with the iron nuclei and cannot be explained by 


6 
the cascade transitions in the Fe? nucleus. Thus the cross sections for the out- 
put of y-quanta with energy at 1.41 MeV (fig. 1) correspond to the excitation 


function for this level of the Feot nucleus in a natural mixture of isotopes or 

to cascade transitions from higher levels through the level of 1.41 MeV, when 

the energy of neutrons is greater than the energy associated with the second level 
of this nucleus. 


Gamma-quanta with an energy of 1.23 MeV are formed during the excitation of 
the 2.08 MeV level and during the cascade transition through the 0.84 MeV level 
to the basic state of the nucleus. When the energy of neutrons is greater than 
3.26 MeV it is possible to have an addition of y-quanta with an energy of 1.18 
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and 1.3 MeV, which corresponds to the excitation of the 3.26 and 3.38 MeV levels. 
We identify the cross section for the formation of y-quanta with energy 1.23 MeV 
with the excitation function for the 2.08 MeV level, because the direct transi- 
tion into the basic state is apparently improbable because of the large difference 
in the spins of the excited (44+) state and basic (0+) state. 


The y-quanta with energies of 1.81 MeV can be clearly associated with the 
excitation of the 2.62 MeV level and with its cascade decay through the 0.84 MeV 
level. The output cross section of y-quanta with an energy of 1.81 MeV determines 


6 
the excitation cross section for the 2.62 MeV level of the Fe? nucleus. 


In experiments on B-decay conducted earlier no direct transition from the 
2.08 MeV level to the basic state was detected. Therefore y-quanta with an 
energy of 2.15 MeV detected by us must correspond to the decay of the excited 


3.02 MeV state of the Fe? nucleus through the 0.84 MeV level to the basic state. 
The experimental data in reference 3 confirm this conclusion, although the earlier 
work of the same author (ref. 4) contains contradictory indications. Our meas- 
urements did not detect the formation of y-quanta with an energy of 2.15 MeV when 
the neutron energy was less than 3.5 MeV. Thus the cross sections for the out- 
put of y-quanta with an energy of 2.15 MeV represent excitation cross sections 


6 
for the 3.02 MeV level of the Fe” nucleus. 


Gamma-quanta with an energy of 2.6 MeV are not detected when iron /135 
nuclei interact with neutrons whose energy is less than 3.7 MeV. This points to 
the fact that y-quanta with an energy of 2.6 MeV are produced by the excitation 
of the 3.44 MeV level. 


These considerations show that the processes of inelastic neutron scattering 


by the re nuclei are always associated with the radiation of y-quanta with an 
energy of 0.84 MeV. The y-quanta with an energy of 0.84 MeV, when the neutron 
energy is as high as 2.08 MeV, are due only to the direct transitions of the Fe 
nucleus into the basic state from the excited state corresponding to the first 
0.845 MeV level. When the neutron energy is greater than 2.08 MeV, the presence 
of y-quanta with an energy of 0.8 MeV is due to the direct transition from the 
first level into the basic state as well as to a cascade transitions through 
the first level from a higher level of the Fe? nucleus. Other transitions are 
possible, but apparently have small probabilities and were not detected by us. 
Thus, direct transition with the radiation of y-quanta with energies of 3.02 and 
3.44 MeV could have been detected by us when the output cross sections of the 
Y-quanta with this energy were greater than 30 mbarn. 


In view of this the output cross section for y-quanta with energies of 0.84 
MeV simultaneously corresponds to the total cross section of inelastic scattering 


by the Fe nuclei in the natural mixture of isotopes. The possible decrease in 
the value of this cross section, caused by neglecting the direct transitions in 
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Figure 1. Excitation function for iron isotope levels 


during inelastic scattering of neutrons. 


195 


our evaluation, does not exceed 150 mbarn with a neutron energy of 3.5-4 MeV. 

The total cross section of inelastic scattering by the natural mixture of iso- 
topes is obviously equal to the sum of output cross sections of y-quanta with 

energies of 1.41 and 0.8) MeV. 


The excitation function for the 0.84 MeV level is equal to the magnitude 
of the y-quanta output with energy of 0.84 MeV after subtracting the excitation 
functions for levels 2.08, 2.62, 3.02 and 3.44 MeV. The total cross section for 
inelastic scattering and the excitation function for the 0.84 MeV level is shown 
in figure 1 by broken lines. This figure also shows the measurement results pre- 
sented in the published works. The small solid circles in the figure indicate 
cross sections obtained in measurements involving the detection of secondary 
neutrons, and the crosses show measurements obtained from the output of y-quanta. 
The small light circles indicate the results of our measurements. As we can see 
from the figure the results of the present work on the total cross section 
agree relativelywell with the results for the total cross sections of inelastic 
scattering by a mixture of isotopes obtained from the detection of secondary 
neutrons, and the results on the output of y-quanta with energies of 0.8h MeV 
agree with the data from similar investigations. An exception is represented by 
the data of references 5 and 6. In these reports the output cross sections of 
y-quanta with energies 1.23 and 1,81 MeV, measured, respectively, at energies 
of 3.2 and 3.7 MeV, are greater than those in our data and are close to 0.3- 


0.4 barn. 


Our discussions do not consider reference 7, because the data in this work 
do not agree with any of the available experimental results. Thus, according 
to the results of reference 7, the output cross section of y-quanta with energies 
of 0.84 MeV for neutrons with energies of 3.4 MeV is equal to 2.26 barn and re- 
mains large for large energies. 


One of the sources of information on the excitation functions of individual 
levels of the nucleus target during the inelastic scattering of neutrons is pro- 
vided by experiments which measure the cross sections for leading threshold de- 
tectors (refs. 8-10) below the threshold of sensitivity. Unfortunately there 
are no ideal threshold detectors whose sensitivity would represent a uniform 
rectangular step. All existing threshold detectors have a rather indefinite 
threshold, and the very concept of this threshold must be thoroughly determined 
in experiments of this type. When the nature of detector sensitivity variation 
with energy is known, data on the cross sections for leading under the detector 
sensitivity threshold, which are some integral characteristics of the excitation 
function, may be used to verify the constructed system of excitation functions 
for individual levels. Unfortunately most works do not present data on the 
variation in the sensitivity of threshold detectors with energy, but present data 
only on the values of the thresholds obtained by extrapolating the sensitivity of 
detectors to zero. The use of specific thresholds obtained in this manner gives 
us low values for the excitation functions of low levels. /136 


If we use the data on the sensitivity of a detector (ref. 11), the cross 
section for leading under a threshold of 2.6 MeV, when Eo = 4 MeV, computed on 
the basis of the proposed system of excitation functions (fig. 1), coincides with 
values obtained experimentally by means of a proportional counter (ref. 8) within 
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the limits of experimental error. The experimental value is 1.30 + 0.07 barn, 
and the computed value is 1.24 barn. 


A series of reports presents the variation of the cross section for leading 
under the sensitivity of detector threshold, based on threshold reactions of the 


1 
(n, p), (n, w), (n, 2n) type. For example in reference 12, a Pp? (n, p) si3 ae- 
tector is used for neutron energy of 2.5 MeV, and a aie? (n, p) Mem! detector 
is used for neutron energies of 3.3 and 4.1 MeV. In reference 13, an 33 (n, p) 


ps detector is used for neutron energy of 3.6 MeV. This is correct only when 
the given detector is not sensitive to neutrons which are inelastically scat- 
tered with the excitation of low levels in the target nucleus. Otherwise, in 
some cases, the total cross section of inelastic scattering may differ from the 
cross section for leading under the threshold by a substantial quantity. For 
example, the measured value of the discharge cross section in reference 13 dif- 
fers by 25 percent from the value of the total cross section for inelastic scat- 
tering. 


Nickel 


Gamma-quanta of the following energies are detected in the spectra of y-rays 
occurring during the inelastic scattering of neutrons with an energy of 3.0 MeV 
in nickel nuclei: 0.65, 0.82, 1.00, 1.39, 1.96 and 2.17 MeV. In the present work 
y-quanta with an energy of 0.86, 1.00, 1.16, 1.33, 1.45, 1.80 and 2.20 MeV have 
been detected for neutron energy of 3.5 MeV. 


We can see from references 2 and 15 that the system of nickel nuclei levels 
is complex, and the interpretation of the results which have been obtained is 
rather difficult. The problem of analyzing the results is further complicated 


by the fact that nickel has two isotopes, Ni>°-67.76 percent and wi©°_96 16 per- 
cent, which are prevalent to a rather high degree. Based on references 2 and 
15 we made an effort to interpret the individual transitions and determine the 
value of the cross section for the excitation of levels. 


Figures 2-4 show the results of our work as well as the data of other au- 
thors for cross sections of inelastic neutron scattering by nickel nuclei. 


Gamma-quanta with an energy of 1.33 MeV correspond to the decay of the 1.332 


MeV level of wie? nuclei. The output cross section for y-quanta of this energy 
is the cross section of excitation for the first level of the wi 60 nuclei (1.332 
MeV) up to an energy of 2.2 MeV, because when the neutron energy is increased 
there is also a probability that the 2.159 and 2.285 MeV levels will be excited. 
The resolution of the spectrometer did not make it possible for us to separate 
the Y-quanta which occur when each of these levels is excited. Therefore y- 
quanta with an energy of 2.2 and 0.86 MeV, which are due to the excitation of 
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these levels, correspond to the transition into the basic state or to the cascade 
through the 1.332 MeV level. The fact that the y-line of 0.86 MeV is due to the 
excitation of the second and third Ni © levels is also confirmed by the fact that 
yY-qQuanta with an energy of 0.86 MeV specifically occur when the neutron energy is 
increased above 2.2 MeV. The sum of the output cross sections for the y-quanta 
with an energy of 0.86 and 2.2 MeV determines the cross section of inelastic scat- 
tering with the excitation of the 2.159 and 2.285 MeV levels. 


If we subtract the output cross sections of y-quanta with an energy of 0.86 
MeV from the output cross sections of y-quanta with an energy of 1.33 MeV, it be- 
comes possible to compute the excitation cross sections of the 1.332 MeV level 
up to an energy of 2.624 MeV. In reference 5 the excitation of energy levels of 
2.624 MeV was observed from the output of y-quanta with an energy of 2.66 MeV. 
Another possibility for the decay of this state is the cascade transition 
through the 1.332 MeV level with the emission of 2 quanta with an energy of 1.3 
MeV. When the neutron energy is above 2.77 MeV a possibility occurs for the ex- 
citation of the 2.772 MeV level in Wi-Y nuclei and the decay of this state 


through the first wi? level of 1.452 MeV. This also leads to the formation of 
quanta with an energy of 1.3 MeV. Beyond this, up to an energy of 3.1-3.2 MeV 
there are no versions for the decay of both nickel nuclei levels with /137 
the emission of y-quanta with an energy of 1.33 MeV. Therefore, in determining 
the excitation cross section of the 1.33 MeV level up to an energy of 3.1 MeV 
we must establish the portion due to the excitation cross sections of 2.624 and 
2.772 MeV levels in the output cross sections of y-quanta with an energy of 1.33 
MeV. 


Let us evaluate the excitation cross section for the 2.772 MeV level. In 
our experiments we did not observe y-quanta with this energy which points to the 
absence or low probability of the direct transition. If this is true, the in- 
crease in the output cross section of quanta with an energy of 1.45 MeV in the 
energy range 2.6-3.03 MeV may be due to the excitation of the 2.772 MeV level. 
This evaluation gives a cross section value of approximately 40 mbarn when the 
neutron energy is 3.1 MeV. The increment in the output cross section of y- 
quanta with an energy of 1.33 MeV when the neutron energy is from 2.62 to 3.1 
MeV is 75 mbarn. A cross section of 40 mbarn determines the excitation cross 
sections for the 2.772 MeV level of Ni? nuclei, and the portion corresponding 


to the excitation of the 2.62 MeV level of i? nuclei is 35 mbarn. In this 
manner we determine the excitation functions for the 2.624 MeV (ni) and 2.772 
MeV (mi?) levels. 


After subtracting the output cross sections of y-quanta with an [138 
energy of 1.33 MeV, which were formed due to the decay of the 2.624, 2.772, 
2.159 and 2.285 MeV excited states, from the total output cross section of Y- 
quanta with this energy, we obtain the cross section residue, We broke down 
this level into the cross section part which refers to the cross section for the 
excitation of the 1.332 MeV level and into the cross section for the excitation 
of levels with energies greater than 3 MeV, whose decay may lead to the formation 
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Figure 2. Excitation functions for i? energy 
levels: (@, results of work described in ref- 
erence 3; —-~—-—-— (left, in fig. 2a) results 
of work described in reference 18); O, results 
of present work); a: 1, excitation cross sec- 
tion for 1.33 MeV level; 2, output cross sec- 
tion of y-quanta with energy of 1.33 MeV; 3, 
total excitation cross section for levels of 


wi? nuciei; b: 1, output cross section of y- 
quanta with energy of 2.2 MeV; 2, output cross 
section of y-quanta with energy of 0.86 MeV; 3, 
excitation cross section for 2.16 and 2.28 MeV 
levels; c: 1, excitation cross section for 
2.624 MeV level; 2, output cross section of 
y-quanta with energy of 2.66 MeV; 3, output 
cross section of y-quanta with energy of 1.3 
MeV due to excitation of 2.624 MeV level; d: 
excitation cross section of levels with energy 
greater than 3 MeV; e: output cross section of 
Y-quanta with energy of 1.16 MeV. 
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Figure 3. Excitation functions for energy levels 


8 
of Mi? nuclei: ---—--7- » results of work re- 
ported in referencel8, left side of;@, results 


of work reported in reference 3; -e,; results of 
t 


work reported in reference 5; O, results of pre- 
sent work; a: 1, excitation cross section for 
1.452 MeV level; 2, total excitation cross sec- 


tion for levels of Ni? : nuclei; 3, output cross 
section of y-quanta with energy of 1.45 MeV; b: 
1, excitation cross section for the 2.455 MeV 
level; 2, output cross section of y-quanta with 
energy of 1 MeV; c: excitation cross section for 
2.772 MeV level; d: excitation cross section for 
2,899 and 2.939 MeV levels; e: 1, output cross 
section of y-quanta with energy of 1.8 MeV; 2, 
excitation cross section for 3.035 MeV level; 

f: excitation cross section for levels with 
energy greater than 3.5 MeV. 
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Figure 4. Cross section for inelastic scattering of 
neutrons by natural mixture of nickel isotopes: 

St ae » results of present work; A, reported in 
reference 3; | results of work reported in reference 
93 A, results of work reported in reference 12; X, re- 
sults of work reported in reference 193; +, results of 
work reported in reference 20; @, results of work re- 
ported in reference 17; V, results of work reported 
in reference 2la. 


of quanta with an energy of 1.33 MeV. Figure 2 shows some of the details asso- 
ciated with this analysis. 


60 


The total cross section of inelastic scattering by the Ni nuclei was ob- 
tained as the sum of the excitation cross sections for levels 1.332, 2.159, 
2.285 and 2.624 MeV and levels above 3 MeV which were not resolved in our meas- 


urements. 


The analysis for wi? nuclei was carried out in a similar manner. The 
excitation of the second 2.458 MeV level leads to the emission of y-quanta with 
an energy of 1 and 1.45 MeV. Gamma-quanta with an energy of 1 MeV may also occur 
during the decay of the 3.035 MeV level as a result of cascade transitions with 
the radiation of quanta with an energy of 0.6, 1.0 and 1.45 MeV, because y-quanta 


with an energy of 3.03 MeV in the spectra of y-rays were not detected. 
The output cross section of y-quanta with an energy of 0.6 MeV (ref. 5) deter- 


mines the excitation cross section of the 3.035 MeV level, and the difference 
between the output cross sections of y-quanta with an energy of 1 MeV and the 
output cross section of quanta with an energy of 0.6 MeV determines the ex- 
citation cross section for the 2.458 MeV level. 


The excitation cross section for the 2.772 MeV level is evaluated above. 
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The 3.260 MeV state after excitation apparently is capable of undergoing a 
cascade decay with the radiation of quanta with energies of 1.8 and 1.45 MeV. 
Thus the output cross section of quanta with an energy of 1.8 MeV, which has been 
measured by us, corresponds to the excitation of the 3.26 MeV level. Here we do 
not consider the possibility for the cascade decay of the 3.260 MeV state through 
the .2.458 and 1.452 MeV levels with the radiation of y-quanta of energy 0.8; 1.0, 


and 1.45 MeV. 


The decay of the 2.899 and 2.939 MeV states is possible with the emission of 
two quanta with an energy of 1.45 MeV. The analysis and the establishment of ex- 
citation cross sections for these levels were carried out in the same manner as for 


the 2.624 MeV level. 


Since the decay of the wi” excited states takes place through the first ex- 
cited state--1.452 MeV (we did not detect y-quanta corresponding to direct tran- 
sitions from the excited states to the basic state), the subtraction of the sum 
of excitation cross sections for these levels from the output cross section of 
vy-quanta with energies of 1.45 MeV makes it possible to compute the excitation 
function of the 1.452 MeV level up to an energy of 3.418 MeV (the eighth level of 


wi? nuclei). If we assume that the excitation function in the energy range of 
3.4-4.0 MeV is constant, we obtain the cross section residue which we attribute 
to the excitation of the Ni2° nuclei levels situated above 3.418 MeV. 


The excitation functions for the individual wire states and the total cross 
section of inelastic neutron scattering by Ni nuclei is shown in figure 3. 


Due to inelastic scattering of neutrons, the wi ol isotopes (with an abundance 


of 1.25 percent) and the wi2 isotopes (with an abundance of 3.66 percent) may pro- 
duce y-quanta with an energy of 1.16 MeV, which are already detected when the neu- 
tron energy is 1.2 MeV. 

58 1,60 1.61 


The total cross section of neutron inelastic scattering by Ni~~, Ni-~, Ni 
and yi 02 nuclei is shown in figure 4. The values of the cross sections are given 
for a natural mixture of isotopes. The circles in the same figure represent the 
results of measuring the total cross section for inelastic scattering by nickel 


nuclei obtained from neutron measurements. As we can see from figure 4 our [140 
results agree with data presented by other authors. 


Niobium-93 


Figure 5 shows the curves for the transverse output cross section of y-quanta 
generated during the inelastic scattering of neutrons by Nb93 nuclei. According 


to reference 2, the No7? nuclei contained the following levels: 0.029, 0.765 and 


0.986 MeV. Reference 16 presents a schematic for the levels of Nb73 nuclei and for 
the transverse output cross sections of y-quanta with energies of 0.741, 0.809, 
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Figure 5. Transverse output cross section 
of y-rays during inelastic scattering of 


neutrons by Nb?2 nuclei, measured in pres- 
ent work: 1, output cross section for y- 
quanta with energy of 0.96 MeV; 2, output 
eross section of y-quanta with energy of 
0.76 MeV; 3, output cross section of y-quanta 
with energy of 0.81 MeV; 4, output cross sec- 
tion of y-quanta with energy of 1.08 MeV. 


0.953 and 1.08 MeV. In our measurements of y-spectra, occurring during the in- 
elastic scattering of neutrons with energy 3.5 MeV by niobium nuclei, we detected 
v-quanta with the following energies: 0.76, 0.81, 0.96 and 1.08 MeV. In studying 
the output of y-radiation as a function of energy associated with neutrons which 
bombard the scattering material, we established that the specified values of y- 


quanta energies correspond to the excitation of No?3 nuclei energy levels. Figure 
6 presents the values of total cross sections for the inelastic scattering of neu- 


trons by Nb?> nuclei obtained in the present work and in other works. The values 
of the total cross section are obtained by adding the cross sections for levels 
0.760, 0.810, 0.960 and 1.08 MeV. As we can see from figure 6, the results of the 
ae. work agree sufficiently well with the results presented in references 17 
and 16. 


The authors express their gratitude to V. S. Stavinskiy for the valuable dis- 
cussion of the results which have been obtained and to Ye. V. Shestopalov, V. S. 
Borisov, V. A. Romanov, G. N. Deryagin and A. P. Klimov for their participation in 
the experiment and for their assistance in the work. 
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Figure 6. Total transverse cross section of in- 
elastic scattering of neutrons by No?3 nuclei. Solid 
line, results of present work; @ » results presented 
in reference 17; broken line, results presented in 


reference 16. 
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REPRESENTATION OF DECAY CURVES FOR FISSION FRAGMENTS 
BY FUNCTIONS OF A GIVEN FORM (e>t) 


V. I. Lebedev, P. Ye. Stepanov 


The following problem is solved in order to represent the decay [142 
curves of fission fragments obtained experimentally as a sum of functions of given 


form. 

Let us assume that we have a function of two variables » (b, t) determined in 
a rectangle [b' sb < b"] [to < +t < T] which is sufficiently smooth and is such 
that any system of functions » (b3; t) for various db; is linearly independent 
along the segment [t,, T]. Let us assume that the function f (t) is assigned 
on the segment [t,, T] at the points t = t3 Ge = O5cUy. aoa Ne Det me ise 
E=E (to; T, 0, P,, B55 Pa to designate the following expression 

N r 
E= (= y= 2 La (b,¢:)]? ni)”, (1) 

where Py 2 0 are weights which are normalized in a specific manner and are se- 
lected in such a way as to satisfy the required nature of the approximation. 

We formulate the following problem: 

(1) it is required to find the minimum n (n, <n) for which min E < ¢}, 
using given values €; > 0, n,; ay,» bh 

(2) it is required to find min E from a given n; a,b 

(3) ait is required to find min E from the given values, n, bey (eee 2 keg) 

a 


k 
The first and second problems are nonlinear, whereas the third is linear. If 
we use the designations 
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N 


(d, a= d (ti) g (ti) pis 
lull =(a, 4)'?; b= (b,, bs, ..., Bn); 


Tee / (t)—~ Py anf (dn, t); 


- f OE. aE \ 
grad: = ab? 00? ab, } ‘ 


the following equalities must be satisfied at the point of minimuz 
(tu, Y (0;)) = 0 (2) 


Ge oo) =0, where f/=l, 2, ..., n. (3) 
The first and second problems are solved by applying a gradient iteration 
converging process with an automatic step selection and free of such limitations 


as: (1) a special selection of the function g in the interval [tp, T] of points 
t,, and of weight p; and (2) the necessity of accurately assigning the function 


f (t) for t = t, and the computation of second derivatives for the function 
wp (b, t). 

Let us assume that we have approximate values for at, bf, EA, gradp Et, 
obtained during the q-th step of the investigated process (b° are assigned arbi- 


1 <qtl 1 
trarily). We then obtain the following for computing @*, BD’, EY, grad, 


pratt 
Abtec — Arar 8tadner 
A AT radylitl ' 
pert a Br BO, 
—g+1 


Using the assigned values of b » and solving the linear system of [143 


—Q+ 
equations (2), we find a tena compute pvt grad, pat 
To solve the second problem we take the required number of successive approx- 


imations until one of the following inequalities is satisfied 


se (4) 
or 


iutady lt < &. (5) 


The solution of the first problem is reduced to a successive solution of the 
second problem for n = nj, ny + 1... until inequality (4) is satisfied. The 
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transition from n to n+ 1 is achieved when inequality (5) with b,,) = (1+ t) 
by is satisfied. Matrix A is diagonal with positive elements on the principal 
diagonal. It serves to accelerate the decrease in E, first by providing a more 
rapid variation in those by whose increments do not change their sign and sec- 
ondly by decreasing the variations of those b j whose increments Ab 3 change their 


sign. All Ps are determined by means of the equation 


Pi 
Bi: on a ’ 
De vi 
i--0 
where pj 20 and p! may be taken as the quantity p! = min ( . P _) where 


6 > 0 is an assigned number which makes it possible to assign the nature of the 


approximation. Quantity n@ varies in the following manner 


e 10009 
At =min (a1, Teradyea | J? 
where ( ah™) when EV < (1-10) £™, (At gradyE™, gradyE?) > 0; 


—— when (A™?! grad,/i™', gradyE%) <0; 
aga y A when (1410) EF! ET EM; 


: , Where p is thus selected until condition 


+1 
ne a,E? is satisfied. 


Herev21, a, 21 (@ = ® a = i). Such a selection of @ provides for 


an increase in n? and consequently for the acceleration of the decrease in E, 

if a’, 69 are far removed from & , b which give the minimum E; it also takes into 
account the errors when the values are rounded off; it provides for a decrease 
in E; it straightens out the trajectory for the variations in vector b 


and finally it provides for a decrease in n? when the values of 4% ; bY are close 
to a, b. 


This algorithm was programmed on the M-20 electronic digital computer. This 
program was used to process the decay curves! for the U fission fragments. 


1 
The graphs for the decay curves were taken from the journal Nuclear Science 


Engineering, Vol. 3, 726, 1958. 
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byt 


The curves were represented as the sum Ua,e- with an accuracy to 5 percent. 


The quantities t, n, and b in the computed examples varied within the following 


limits: 10° < t< 109 5<n< 8; 10° <b < 5-107. 
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THE SPECTRUM OF GAMMA-RADIATION PRODUCED BY THE PRODUCTS OF 
URANIUM FISSION. EFFECTIVE ABSORPTION COEFFICIENTS 
FOR THE GAMMA-RAY SPECTRUM AND THEIR UTILIZATION 
FOR THE COMPUTATION OF SHIELDING 


Vv. P. Il'tin 


Computation of Gamma-Radiation Spectrum Produced by 
Uranium Fission Products 


The y-radiation spectrum of uranium fission products was computed for [144 
wide intervals of time associated with the irradiation of U in a reactor (T = 1-730 
days) and its aging after irradiation (t = 1 sec-730 days). 


The radiation intensity was normalized by computing it for 1 kW of heat lib- 
eration in the uranium irradiated in the reactor. 


In this case the B-activity of the i-th isotope (fission product) is equal to 


j°3.2-1018 > 
Ag = yi F(T) ) = 8.65- 10°F (Ty t) C4 fit (1) 


where for the parent isotope 


F(T, 1) = (1 ei?) ol (2) 
and for the decay product 
: a TS a SY PO rT Mai hpi T) aha! 
BPM Peete a eae gay, Mme Ne (3) 


The gamma-activity of the k-th line for the y-spectrum of the i-th isotope 
is determined from its B activity 


A = A, %n, g-equivalent of radium/kW (4) 
Vi,e Py 
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where 


3,7-1019. 1 ,6:1075-3600 4 
On lags Av, Yn = (5) 
= 0.183°10? E Y¥, g°equivalent radium/Ci-decay/quantum 


Yi 

Equations (1-5) utilize the following designations and constants: W143 
Wo; are the yields of the parent isotope and the independent yield of the de- 
cay product for each fission of U; Wiig Yoig are the wercantase yields of the 
parent and decay product isotopes for each fission of U; Aas Aoi are the de- 
cay constants for the parent and the decay product isotopes, respectively; Ev 
is the quanta energy of the k-th spectrum line, MeV; n, is the number of quanta 
with energy Bic for each B-decay; Neg is the percentage yield of quanta with 
energy Ev for each §-decay; Vk is the absorption coefficient of y-ray energy 
in air, corresponding to Be en=1; 3.2 X 1013 is the number of U fissions per 
second for 1 kW of heat liberation; 3.7 X 1010 is the number of decays per sec- 
ond for 1 Ci; 1.6 x 1076 is the energy equivalent of 1 MeV, erg; 8.4 x 103 is 
the y-constant of Ra (the power of the dose produced by 1 g of Ra at a distance 
of 1 cm behind 0.5 mm of Pt, r/hr). Equations (1-5) were used to compute the y- 
activity for each spectrum line associated with the y-rays of the isotopes. 

Details associated with the computations are as follows. 

1. When Ap > 20A1, the calculations of activity for the decay product iso- 


topes were carried out by means of equations (1) and (2), in which the substitu- 
tion \jz4 = Az was made. If hy > 20Ao, the genealogical association of isotopes 


was not considered. 


2. In computing the accumulation of Xel35 it was assumed that it has a 
large cross section for the absorption of neutrons. For this purpose equation 
(3) was replaced with equation (3a) 


at 


ew’ iv ews i 2i% he en’ ; ah jt 
F(T, N= (Ie mas Corea im ni an Ai Sew era (3a) 


Ane? =o. —4, {7 — Ag it 
ty PSS TAT ea 
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where os = Mog + on8 5 a, = 3.5-106 barn is the effective absorption cross /146 
section of xel3> neutrons; @ = 1013 neutrons/cm+sec is the flux of neutrons 
which corresponds approximately to a heat liberation of 3 W/e by natural ura- 
nium (assumed arbitrarily). 


The gamma-spectrum of U fission products is divided into 10 groups, and 
an effective energy value is selected for each of these groups. The average 
energy of the groups was selected so that it was equal to the energy of the 
most intense line, or in the case of competing lines it was close to the highest 
energy of these lines. 


The total y-activity of the uranium fission products for various values of 
fT as a function of t is shown in figure 1. To make interpolation convenient, 
figure 2 shows the variation in the total y-activity as a function of T. 


Effective Absorption Coefficients of the Gamma-ray 
Spectrum and Their Utilization for the Computation 
of Shielding 


In computing the shielding of y-radiation it is convenient and expedient 
to utilize the effective absorption coefficients for a wide beam of y-rays in 
the shielding material. It is particularly expedient to utilize the effective 
absorption coefficients of y-rays in computing shielding against sources of 
complex geometric form. 


The effective absorption coefficient takes into account the buildup [147 
of scattered radiation. For a wide monochromatic beam of y-rays it may be 
computed by means of the following equation: 


ln B 


where He is the linear absorption for a narrow beam of y-rays of given energy 
Ey» en}; A is the shielding thickness, cm; B = B (HoAs EY) is the buildup fac- 


tor for the scattered radiation during the attenuation of the wide y-ray beam 
(it can be obtained from the data presented in the work of Fano, ref. 1). 


A sufficient accuracy in the computation of shielding is retained when 
the effective absorption coefficients are utilized. This can be shown by 
means of an example. Let us assume that the dose power behind the shielding, 
due to an infinite linear source, is equal to 


lq ‘ “ 
Pits ee OF (Wa, B, Dy), (7) 
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where [ = 2.3 106 WR/sec em/g-equivalent of Ra is a constant; ay, is the activity 
of 1 running cm of the source, g-equivalent of Ra/em; R is the distance from the 
source in cm; F (HA, B, 3) = fo B (uA, sec &) e-HA sec F ay is the attenua- 

O 


tion factor; W is the linear absorption coefficient; 3 is the angle of incidence 
for the rays falling on the shielding. 


We can see from equation (7) that in order to evaluate the accuracy of 
the computations it is sufficient to compare the attenuation factors computed 
by various methods. 


Table 2 presents the attenuation factors computed from data presented by 
Pibls concerning buildup factors B, (#) when the rays falling on the shielding 


are inclined, using a method which represents the buildup factor as a sum of two 
exponents (ref. 2) and also using the effective absorption coefficients obtained 
by means of equation (6). A comparison of the computation results with Pibls' 
data is carried out with a y-quanta energy equal to 6 MeV and when the shield- 
ing material is iron. 


1 
i 

at +. 
i 
' 


aw eww el we 
| 
eecare ieets 
1 


y-activity g-equivalent Ra/kW 


mee ee ak ee ee oe ed 
exetes et Sree ee ee Sos 


Ce ey oe 
a ee Sa Ss es ae ~----}+---- 


! 
I 
| 
J 
t 
! 
t 
J 
i 
4 


| 
| 
] ' ’ n 0D { 
2 Ieex W0cen 30Cen (Mun Séun MMun 3ImuH I 5a 109 Icym . 
wos 10° 1075 wt ad 10" 1! 107 10 


Figure 1. Variation in y-activity of U°3? fission products 
as function of aging time t (in days). CeK = sec; MMH = 
min; 4 = hr; cym = days. 
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TABLE 1 


Average energy, 


Energy interval,| Average energy, 
MeV MeV 


croup PMeP8Y a Me Group 
1 0-0.38 0.3 6 1.7-2.3 2.19 
2 0.38-0.57 O.51. T 2.3-2.7 2.53 
3 0.57-0.76 0.72 8 2.7-3.0 2.92 
4 0.76-1-2 120 9 3-0-4.0 35 
5 L217 1.6 10 He 4.5 


We can see from table 2 that the use of the effective absorption coefficient 
for y-rays yields results which are sufficiently accurate and makes the compu- 
tation substantially simpler. 


It is expedient to use the advantages associated with the application of 
the effective absorption coefficients to the computation of shielding when we 
have a complex spectrum of y-radiation. 


When we have such a complex y-ray spectrum the effective absorption 
coefficient in the shielding, which takes into account the buildup of scattered 
Y-radiation (ref. 1) according to the Fano theory, may be computed by means/166 
of the following equation 


= 1 th itl 
uh = = In ag (8) 


where subscript k represents the number of the energy group; subscript i rep- 
resents the number of the line in the k-th group; AVG yk represents the inten- 


sity of the spectrum line (activity), expressed either in absolute or relative 
units. 


The effective absorption coefficients for y-ray spectrum of U fission 
products in water, concrete, iron and lead were computed by using equation (8) 
and the data of table 3. 


The results of this computation are presented in figures 3-11, respectively, 
for water, concrete (density of 2.3 g/cm’), iron and lead. 


The results of computing the activity of U fission products and the effec- 
tive absorption coefficients for y-ray spectrum of fission products (figs. l- 
11) may be used conveniently in the practical computation of radiation shield- 
ing against sources of various form. In this connection all of the equations 
presented in the 9th Chapter of Rockwell's book (ref. 2) may be used, if the 
changes specified in table 3 are taken into account. 
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TABLE 2 


Method of 
computation 


Attenuation factor 
F (HOA, B, 3o) 


10 


x/2 


According to Pibls etod JB, (8) ad 0.205 |4.76+107 311.25-1074 
0 


n/2 
AL f e-(1 + a) oA sec 3 gd 


A 


0 
+ Ae -a4 A n/2 


+A ft e-(1 + &,) oA sec F aglo.182]h.41-10-3]1.05-1074 


Mapp (Hots B) 0.185 |4.70-107 3}1.12-107 


The activity of the fission products and Hepp for their spectrum are pre- 
sented above. They have been computed without taking into account Np@>?, which 
is obtained when ue? neutrons are absorbed when U is irradiated in the re- 


actor. The Np°3? yield for each fission of U depends on the conversion ratio 
(ref. 3). 


When the yield of Np239 per fission is 100 percent, the gamma-activity 


due to Np 3? is equal to 


Ayyiy = 57 (1- eo Ne") o~4Npt g-equiv of Ra/kW. 


The decay constant of Np°39 can be computed easily from the half life, 
which is equal to 2.33 days. 


The effect of Np? y-activity is manifested only when the shielding 
thickness is small (up to 100 cm of water, up to 45 cm of concrete, up to 13 
em of iron or up to 4.5 em of lead). In these cases the computation of the 
dose power behind the shielding should be carried out by taking into account 
the dose produced by neptunium (Np). The effective absorption coefficients 
for y-rays of Np Hope for the shielding thickness specified above are equal 


to: for water 0.105 cm@/g; for concrete (y = 2.3 g/cm3) 0.071 em?/g; for iron 
0.102 om@/g; for lead 0.32 cm@/g. 
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Figure 2. Variation in the y-activity of U°2 fission 
products as function of irradiation time T in reactor. 
Cek = sec; MMH = min; 4U= hr; cym = days. 


In conclusion the author expresses his gratitude to 0. S. Kubasova /167 
and N. Ye. Ivanova for their help in preparing the data for the electronic 
computer and for processing the computation results. 


217 


fel ol=L O9=L O8L=L 
-oo098 08 { reser ce 


Oehaaee cE ES texto’ pe eee 
” SS Asse - OTIS VS SSPE sie teal eee nen re =—— ee et oe See Se 
UTW OF Weta ea be i RSS AT RE ag I SES eee =e 
ae : ee ee _—s_ 
: te 


ma! | {Resear Ol 


ee 


suo 3 *y 009085 vs O0E 092 Oz 


218 


*skep G 04 088 T WOLT 4 MTZ SuTSe WIM Iayem UT sqonpord uotssty 


f go sfea-A Jo wmzqoads arog (24°n) sqUatoOTijsco uoTadzosqe aATyoalsq <-€ sanBty 


' LOS 099 =«6Ney §=608f 07k 90¢ 027 it) oO} 971 COL C9 02 0 
zu0/ 3 “V7 009 06 ae a ‘ ee Eee eel pe ee een es 


f=L OlRL ae Ved of 


oos | (se: s2>25-- fae Ne ees eee 
MOG fate ne at le 
TUG fr > Cece eens alven 27 SazES 


# 7 
bel orell 09-1 ey oe 


bn IeL Ol=L gg oel 
oF} { SSF EE ee) | ig 


SSS 


SS SSS SSS ESSE = 


Oe ne 


Ig (SS eS teenie tein eerste 
4 Samer See —ernarpedadie 


SSS 


Ol=f O9=L) OSIFL  o6t=1 


219 


0808 


ft Sel Ott 


09 { = 


ES Betis: a 9600 
0 SSS 7/9800 9200 
ee SSE ~0%0} 0 
ngee/ Cotes” asted” OR2 #4 co ie 
7 260 
let Olek GM=t O02=L  0L=L reco 
\ = 4 
ez { \ _/ #00 


09'Ot =L SOF =2 Js = 
1 = ee cae 
SSS 
sfep 4 
a 
¢ 
guo/ 3 V 909085 079 00 099 62% O88 one a) a 0 Sd 09 oe oO. 


220 


*skep o€L 09 OT wOLs 9 OUT? BUTIe Yet I9yen UT szonpoid uotssty 
N go unzj0ads Aer-A oz (F4°q) squapotggaoo uoyzdiosqe aaTqoes3q Hy eandTy 
oo — 09s 


4 Wt 

te/3 “Y sae ong 009 097 _—oey Os one one age eat ON Dee 
y 2600 

jen 


Wi 9600 


8£00 Jon 


t ocon 


Zeon 
a {= ; £00 
S59 z ff 9E00 
et {== aS. t 9200 
ba gu’ FA 7 9 SS a a 060’ 
CFL 08241! 351i 06 =[— 2600 
Ol=L 09=4 seg0 


ae 
ae 


——— “in 
ee oe 


———SSSeaae oa 


—-S ae 
_—— = = 


221 


guo/S “y 009085 ars 00S 09 az 


f-L Ol=L G0l=L—ooe LL 


wr 


OP eg Baas i aa re : 
t=1° gy fl O01 =17 0Fz =r 0 SESS Tan So Se ae 
AU ¢ {reser 


-4 9¢00 
Lee Biel! Gn aE ee 
tel ott! ot=L” Off aq? ES 


. 0800 
k Seah f= 00-£  O0l=L 08 L = wt sii 
cS) 90082 frescoes So a ge 
} = Si. "ae 5909 

9 O8€ ane 


— 


OO 092 O22 O8i ont 00! 09 a2 0 


222 


"(cuo/3 €°g = A) 
skep 09g 0} 98S T MOTT 4 aWTy Butse ULM oyperouoo ut syonpoud uotssTs 


Q Jo umzqoads Kez-A xox (29°n) squeptotggeoo uoTydrosqe aaTzOSIIG °G ameTd 


suo /3 J g090eS  0nS cos 099 «ze | BEE ce = 092 Oe 08! Ou ool og 02 0 200 
Cw SSS Seo ee ee ee oe ie ee ee de ke se 


SSS ae. 


=k OAL 
oes a 


Sse ; L if pane 
—_—S ws 


° Sst P< rr 2 
= va at oe 
Seige. es nae ps 
waist See are ‘ 
L 


Dg es Seana ote eee Joy sy , 
a pal gee fe eat ee PA . A Ws c£00 
098 0} { Sse SOLE : 


f=L Ol =/ 


skep 0S) aA 
2 open = oe 


223 


S=L O8=L Ol=L Oft=Lt 


\ 


SkOD 006 f wee 


——— 


—— 
———————SS=== 


O€t=L O0l=L 


skep oe, [=== 


# f= 


: EEE eee NCS! Pea! [cee See Dee F 2900 
olo/3 V 009085 08 009 094% Oazy ogee one 0og = 097 0c? 08! =o Ob 09 02 O 


22h 


"(cuo/3 €*eg =A) 
sfep 0O€L 03 utm G worl 4 omTg BuTZe WATA aVeTOUOD UT sqjonpoid uofsstj 
N gO umiqoeds Aea-A I0J (74 °H) SqUSTOTZZa0o uoTydiosqe aATZaZSE °9 amnFTy 


wo/3 *y @o909s ors 09S 09r 02% Mee Of a9 092 O22 o8f Or oo 09 ot 0 
e Pa i eee oe ey ee 


bly Ol=Ly O0l-Ly O¢L=L 
apm ¢ fez. -oopseeeecees ee \ 


ww SSS SSS 


M1 of Sse Slane Lee en 
G=17 GFai? OSI" ger. 
SRE faid,. Ce 


te! oat’ oolad’ Otter” 


225 


Se 


_s_— 


a eee ee ee 
I oar Oe ae eee eee 
_—— —_— 
_o~ 
~ ee ee 
-—  , 


tat’ ot=t’ 0-1 0ez=1' OF =1 


et’ Ol=L Ooz=1! : 


— 
= 
SSSs=s- oo 


um gi { 


Ht 00l=L 002=L O0€l= 
sep ogi { Posen ee e 
: TS SSS es eee — - 


_— 
— 
— — Sa 


aye “7 009085 ong 00S 09% O2y O96 


226 


‘sep OCT 09 de8 T MOLy 4 SUTY BuTZe WTA UuOoLT UT sZonpord uotssTy 


od 


3 
N gO unizoads AeI-A Toy (““ 1) squazotsgzoeoo uoTydiosqe aaTyoorIq °) am8tg 


mo/3 ‘9 ao3.0e§ _0%6 gs __ooy ay one Ove ges 0: oft 
Ye o€00 

2 ——S—————S SS : , 
9200 


tet! oled! co2=L 
Shep ¢ | 7s ST SS ~ 
; Pn gs 


tefl Ola Of =L ses 
A eee ee J 2000 
tea! Glas! o0t=L/ " +600 
~ 9200 


sep if e ee 


ee ee ee ee ee ee ee ee 


tes/ oles “OC2L Ofc '0R2 1” 


———_—_ ESS SS 


Ole-L 007 =L 


227 


ray 
g 
2 De 
“SS 8 > 
3B 8 
n » & TU 
< 2 
S —, 
wo 
S 
8 


540 


500 


8 
le eS 
= 
SLA 
= 
$s 
S-_ x 
~s 
Bil 
Se V4 
of RG 
sit 
s+ 7 


} 500 days 
} 365 days 
}s hr 


a4 


SS SS 


=> 


——_ 


es Owe 


— 


ed 
SS 


a 
=— 


228 


*skep oC), 04 UTM OF WOIT 4 OWTZ BuTFe YRIM WOT UT syonpord uotsstTy 


O jo unzz098ds Aea-A TOT (FF?) SqusToTyjeoo uoTydiosqe aaTzyoaIJ_ °*Qg aMMNITYZ 


wo/3 fy vev0ss oro 005 097 en OE OE 09 0¢2 0st Ov __—OOL 09 02 O 
c Pen ee ee oe I ea a a Pe 


ute of { SSS 
gt=L g0e=1' 1-1 
ehep ooz { Hszssesseese 
ae, SS” 
iil gil et ee 


skep gz { His 
2 —— 
oelaLo S9@=L O02=L OO =L 


229 


bal) 08% 6600 
des Nt Sie ee = 


000 
IU o {Fs SSS : 2900 
7800 
skepagi a eeieey, eed eee 9900 
a OS : : 7 8rUD 
9 jy! = eee ~, at 
5 0500 
2500 
9500 
9500 
Ro N. 
ane -L SA SS: $30'0 
TS ee {0900 
~ Re —, —T 

SS SS 2900 
Be oh aaNet Se oe UE eel cee Polat i ee Pe ae ir ek L_ 909 

oio/ ad fy Ww908§ 045 os 097 ner oBF pane me 092 Oz oof Ov ool 09 2D 


18, 


230 


‘sfep OGT Of de8 T MOTT 4 oT BupBe ATM pee&kl ut sqzonpord uoTssTy 


N FO wunzqzoeds: Ker-A soz (F79n) SZUSTOTFZE0o0 ucTy.d1osqe aATZoezIy °6 amstya 


go 8 “7 999095 oS 00S 09% Ozh oe ore coe 092 o82 ogi OY 


rane geo ee 


(nn 
cas amas ic 1/7) 
0x00 
2900 
“14900 
9400 
840'0 


lel OGL Olan OfL = 


Is =L 082 {001% 
das Giletaieeteaete nett A eee 


TU 9 fasta resasersiesser ashen pene nee. 


skep ool (EES, 
P 00! SSS Te Settee . 
? SSS 


231 


gue/3 ‘y 009086 07 WS 09% Oey 4609¢ §=6—07e =<Wb 9? Oe 


skep 009 { Sonera Reese 7100 


val Ol=t 095) 002=1 


ct - 7 pike \ \ 00 
; Int, O84. O0l=4 OL m4 9490 \ 09 
uTU 0¢ f =a SS ————— 


sfep 0! { SSS = : t 490'0 
? 


a 


232 


*skep OT 03% UTM T Worsy 4 OWT) BuTZe WIT pPeeT UT syzonporid uoTtsstz 


n go umiqoeds Aer-A zoz (F4°q) squapotsze0o woTzdiosqe aATzOaIJH ‘OT amnsty 


0/8 ‘y 009083. .0r$ 00S Oy ner 08 Ove coe —G92_~—2e__—iGtSO)_—iN—=S CO 
@ st ot 


fe 
isi 62 i oeat’ 001-1 CO2=1 


mee 
ske oe { —-——-— La. 
P aa eS mR . Sa © me | 
Se. eT . 


/ J a : TS 
i ee 
J=1 Ol=l ba? 002e= = SS - 


; tal! cent! OOl=L/ O6l=L 
SABPS {ame SSS SS ence = - 


¢ ST SSeS ——=<—SSS——EESSSSSS_ eee ae 
erat NNT Maren mrrriagy apy 


Sis O8=L 00l=L =—O02=L OL 


233 


a 


‘ 2 OL =L° 


2900 


eas eee a 


2uo /2 ‘vy 009099 «60 S 005 09% = eh O8F OF one 


0396 OC? O08! 0m! a 09 = 0 


234 


*sXep Of 09 Cf wOTT 4 WT BuTSe TM pest UT sqyonpord uoTssTy 


N gO wnzq0eds feI-A TOJ (F9°n) SqusTOTSZsod uoTIdz0sqe aATOaTIq “IT aanSty 


guo/8 “y 09085 0rS 0S ~— Ogre OR ONE ORS? seek tsCisi 


We a ee lie ed ey Ses ee eA 


SSS rere 


OOl=L “000 =L OL =L 


ff 
ta’ ol! 09-2 Goz+2° 0fL=4 


235 


ey go qUeTeATNba-3/omd- das /an | quezsuod - gOT-E° a. hy = py - royoesy dnpting - g 
: | ven = 4 : vi =a 
ey JO queTeatnba-3 | 0as-cud 
cue /ey gO JUSTeATNba-3 k4TATIOe |dIMOS OTLQeUMTOA - a) T Zamod admMos dTAZouMTo, - Fg 
guo/ey JO VUeTeATNba-2 AQTATYOS SoOMOS sUeTY - Sp Pak ou0 Zemod somos suetg - Vo 
: Tt : 
wo /ey gO qyUusTeAtTnba-3 A4TATIQOR |dIMNOS IeAaUTT - ‘Tp | 2as-mo Zamod soinos IeauTI - ‘Ty 
T 
ey JO queTeATNba-3 © A4TATQ0@ OdIMOS QUTOg - » Das Zamod 90anos 4UTOg - Og 
T 
i?) . 
oas/an Zamod asog - Ag ——_ equenb-A jo xnty - 
uoTSuoUtg A4T40eny (2 * gar) Tlemyooy 04 SuTproo0y 
OnTeA JUeTeaTndby uoTSsuautq AqTZUeNny 


°(2 ‘daa) NI CHINaSHYd SENHA TVAINOA UIAHL NV sHOMNOSs SsNoryvA 
WO8d WHMOd ASOC AHL ONILAdNOO YOd SNOLLVNDA FHL NI GANIVINOOD SHILIINVOD °€ wav 


236 


REFERENCES 


1. Nuclear Reactors. Materials of the Atomic Energy Commission, USA. Part I 
(Yadernyye reaktory. Materialy KAE SShA). Moscow, Izd-vo I. L., p. 296, 
1956. 


2. Shielding of Nuclear Reactors. Edited by T. Rockwell (Zashchita yadernykh 
reaktorov. Pod red. T. Rokvella). Moscow, Izd-vo I. L., 1958. 


3. Galanin, A. D. The Theory of Nuclear Reactors Operating with Thermal 


Neutrons (Teoriya yadernykh reaktorov na teplovykh neytronakh). Moscow, 
Atomizdat, p. 11, 192, 1957. 


237 


AVERAGE CROSS SECTIONS OF THE REACTION FOR THE GAMMA-SPECTRUM 
OF FISSION FRAGMENTS 


V. Kh. Tokhtarov 


In the monograph of reference 1 mention is made concerning the pos- [167 
sibility of obtaining photoneutrons by using the y-radiation of U fission 
products. The same work presents the photoneutron formation cross sections for 
the same products. Our goal has been to compute the average cross sections of 


the Be? (y, n) ze? reaction for v-quanta spectrum of fission products consider- 


\ 


ing different irradiation and aging time. The cross section of this reaction 
as a function of y-quanta energy is presented in references 1-3. 


To simplify the calculations, we break down all of the y-quanta in a 
series of intervals according to energy. The cross section of the Be? (y, n) 


Be? reaction for each such interval is assumed to be constant and equal to the 


4 


average cross section over this interval. Intervals with the same average 
eross sections are collected into one group. All of the considered groups are 
presented in table 1. 


The intensity of the y-quanta sources of i-th energy are computed by 
means of equation (1) and (2), assuming that U is irradiated for a period T 
such that the power of heat liberation in it is 1 kW. 


1. For the parent isotope 


Qi = 32-10 yqi (1 —c7**) em, (1) 


2. For the decay product isotope 


he ms Fs uy : 
Sid 210i] eee Ki ea CS dae kee |e 12) 


Here y is the total yield of the i-th isotope per fission expressed as a 
fraction; T is the irradiation time; T is the aging time after irradiation; 
X is the decay constant; T, is the yield of i-th energy y-quanta per decay. 


Subscripts 1 and 2 refer to the parent isotope and to the decay product isotope, 
respectively. 
238 


TABLE 1. AVERAGE CROSS SECTION OF Be? (vy, n) Be? REACTION 
AS A FUNCTION OF y-QUANTA ENERGY. 


Average cross section of 
Group Energy interval, MeV 


group, em@*1028 


1 1.667-1.75 10 
2 1.75 -1.8 8 
3 2.7 -2.8 7 
4 1.8 -2.85 
2.65 -2.7 } 6 
5 2.6 -2.65 5-5 
6 1.85 -1.95 
2.5 -2.6 2 
2,8. <i 
7 1.95 -2.05 Ti) 
8 2.05 -2.5 ¥ 


The initial data on the isotope fragments are presented in table 2. 
Isotopes with a half-life of less than 3 min and with a fission yield of less 


than 3-10°3 percent do not make a noticeable contribution to the total activity 
and are therefore not considered. 


The distribution of y-quanta sources is assumed to be uniform over the 
volume. Consequently the flux of j-th group y-quanta is proportional to the 
intensity of y-quanta in the same group, and the averaging out of the reaction 
cross section over the flux may be replaced by its averaging out over the 
intensity 


Ma (3) 
i 


Here o is the average cross section; o, is the cross section of the j-th group; 
Q, is the intensity of the j-th group y-quanta. The results of the computa- 
tions giving the number of y-quanta per 1 KW in 1 sec, the average energy of 
Y-quanta in MeV and the average cross sections of the Be? (y, n) Be reaction 


4 
in em@ 1028 are presented in table 3. 
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TABLE 3. RESULTS FOR CALCULATION OF AVERAGED OUT CROSS SECTIONS. 


Be a _ __ 


1 br 
2.11011 
10 hr 8 2 
T 
47-1010 
1 day 
10 days 
30 days 
100 days 
lyr 
2 yr 


TABLE 3. (CONTINUED) 


TABLE 3. (CONCLUDED) 


0.5 yr lyr 2yr 


: 5.310! 
: 2.2 
: 6.1 
8: 2.9-1011 
: 2.3 
53 
10 days 2.5 2.5 
4.9 4.9 
3 2° 1010 3 5 a 
0 days 2.6 2. 
Tae) 4.8 
3.4-109 5.1°109 
100 days 2.3 2.3 
4.2 h.2 
1.4°109 2.3°109 
1.-yr 2.3 2.3 
4 4 
5 85-108 9.7-108 
2 yr 2.3 2.3 
4.05 4.05 


Remark. The first Line gives the number of y-quanta for 1 kW in 1 
sec; the second line gives the average energy of y-quanta in MeV; 
the third line gives the averaged out cross section in em2+1022, 


In conclusion the author expresses his gratitude to N. P. Vergachev for 
discussing the results. 
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APPLICATION OF THE MONTE CARLO METHOD FOR 
COMPUTING NUCLEAR RADIATION SHIELDING 


V. G. Zolotukhin and S. M. Yermakov 


Introduction 


Solutions of the kinetic equation which consider the energy re- {171 
lationship of cross sections, the nonisotropic nature of scattering processes 
and the finite geometry are associated with substantial mathematical difficulties. 
Therefore in many cases the Monte Carlo method is the only means of solving 
the problem. 


As we know, the application of the Monte Carlo method to problems /172 
associated with the penetration of neutrons and y-quanta into a substance is 
possible, because there is an absence of interaction between particles in real 
beams. This feature, which makes the fates of individual particles independent, 
makes it possible to predict the behavior of an aggregate of particles by ana- 
lyzing a sufficiently large number of observed fates ("histories"). 


Substantial difficulties are frequently encountered in this direct approach 
to the solution of problems by the Monte Carlo method. These difficulties, 
Pirst of all, are associated with the determination of small probabilities. 

When the unknown probability p is determined by the Monte Carlo method uti- 


lizing the ratios p = x (M is the number of realizations in which the event 


of interest to us has taken place; N is the total number of realizations), 
the dispersion-of this evaluation is equal to Ny (1-p), while the relative 
error for determining p is equal to 


ADI od gf Ve 
€ (p) = pW f} 1, (1) 


from which it follows that for small probabilities p we must have a rather 
large number of realizations N to achieve the desired accuracy. 


In problems associated with the transmission of radiation through matter, 
the low value of probability p may be due to the absorption of particles, leak- 
age from the medium, energy loss due to moderation, etc. However, in cases 
where the probability p of interest to us is not small the application of the 
method is always accompanied by a more or less cumbersome procedure. This 
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basic disadvantage of the method is associated with its slow convergence, which 


according to expression (1) is of the order of n-2/2, This slow convergence is 
due to the probability nature of the method and does not depend on the special 
features associated with the problem. 


It is known that the Neumann series for the solution of the kinetic equa- 
tion reduces the radiation transport problem to the computation of multiple in- 
tegrals, whereas the Monte Carlo method itself, in essence, consists of com- 
puting the terms of the Neumann series, which are multiple integrals. In some 
works of Soviet mathematicians it has been proposed to utilize the sequence of 
nonrandom points for computing multiple integrals (refs. 1-3). Under definite 
conditions, when the functions under the integral sign are regular, this pro- 
vides a higher order of convergence. At the same time the utilization of non- 
random points means that we reject the probabilities scheme associated with the 
Monte Carlo method. This makes it impossible to make a practical evaluation of 
the accuracy associated with the results. 


On the other hand, practical methods have been developed for decreasing 
the sampling dispersion, while retaining the normal order of convergence. The 
present article is a short survey of the basic approaches for increasing the 
statistical effectiveness of the Monte Carlo method in problems of radiation 
transport. The most important of these have been tried out on a large number 


of specific problems. 


Practical Methods for Decreasing the Sampling Dispersion 


If we are interested in some functional of the kinetic equation solution, 
the methods described below usually provide an accuracy which is satisfactory 


for practical purposes when the number of histories is 103-10". 


The Method of Arbitrary Probabilities. In the phase space T we intro- 
duce the coordinate r of the scattering point, the direction ] and energy E 
of the particle after scattering. The point (r, 2, E) of space T will be des- 
ignated by x. We also introduce the transient probability K (x! ~ x) dx, that 
the particle which has left x' undergoes its next scattering at the element dx 
near x. In other words, K (r', Q', E'-~r, Q, E) dr dQ dE is the probability 
that the particle leaving point r' in direction Q' with energy E' experiences 
its next scattering in the volume element dr near r at which time it changes 
its direction and energy in the intervals dQ and dE near Q and E, {ATS 
respectively. The era integral equation is valid for the differential 
scattering density } (x)dx,° which represents the average number of particles 


Tin the American literature it is known as the method of analytical averaging 

ee of scattering is associated with the differential flux nv = $ 
(r, Q, E) by the relationship (r,9,£) = ry [p(r—sQ,2,E) 4- Q(r—sQ,2,£)] o° 82) gs, where 
Tt (r, r' E) is the optical scattering between the points r and r'. 
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seattered per unit time in a volume element dr and which fly to the cone dQ near 
Q with an energy in the interval dE near E 


VK (x x) E900) | QV de" = 9), (2) 
T 


where Q (x') characterizes the distribution of sources. The solution of equation 
(2) is given by the Neumann series 
P= ZX tl); 
pi (xX) = \ K (x! = x) ies (2°) dx’; 
§ (3) 


Apo (x) = ( K (x’ = » x) Q(x’) dx’. 
? 


Let us consider the determination of some functional I = (¥, p) = f ¥(x) 


X (x) dx by the Monte Carlo method. Utilizing expressions (3) we find 


i) 9) 
( = Br, = Dd (4) 
where 


= ( oie ( dx dx... wv, UXQ (Xp) K (Xp —> 1) X 
T ? 
XK (Xp ey... K (xe - = x) op (x). 

We shall call the Monte Carlo method conventional if we use the true tran- 
sient probability K (x' ~ x) of the Markov chain of successive particle scattering 
for the realization of particle "history." The corresponding process for the random 
movement of a particle in space T begins with the point Xo» which has a distri- 
bution Q (x5) (it is assumed that i Q(x_) ax, = 1). Next we establish successively 

T 
the scattering points xy? XX, . + «, Xy - . ‘In connection with this it is estab- 
n 
lished each time whether the particle has disappeared due to absorption or leakage 
or whether the particle undergoes a subsequent scattering. The probability that 
the particle which has left the point x has disappeared is equal to g(x) =1l 
- iF K(x 7 x')dx', while the scattering probability is -1-g(x). Sooner or later 
T 
this process is disrupted and ends with particle destruction. 

We obtain a statistical evaluation I of the functional I, if we remember 

that 


2h9 


t 
M nS p (x;) = ( \ Q (Xo) K (Xm +84) g (81) dq daar 
TT 


jai 2 (5) 
- ( \ ( Xp Ux AX2Q (Xp) K (xo —2 Ky) K (X42) G (2) FS hn Ge 
rrr i=0 


where M is the symbol for the mathematical expectation; Kr X precy a [174 
2 


are the selected values of the scattering point; t is their total quantity (in 
this case the exit point for the source particle is assumed to be the zero scat- 
tering point). To prove expression (5) we note that the following outcomes for 


the realization of "histories" are possible; 


SD, SSD, SSSD, ..., 


where, for example, SSD signifies a double scattering and a subsequent destruction 
of the particle. The probability density of chains SSS...SDis equal to Q (x,) 


K (x, = x,) Joi a ou g (x), so that 
Ll 
MY) @ (4) = (1K (o> 21) Q (0) @ (x1) g (1) dy dx, + 
+1 U | (40) K (x9 > 21) K (21 > a) [6 (41) + (42) (0) dy dy dg + 
TT 


TT 


Noting that g (x) = 1 - [Kk (x +x") ax', we find 


T 
M y © (x) = him [ y (pis 0) =. | Q (5) K (xo 4) 0 X 
ist ES : (7) 
7 on 
x K (Xn,1— X) BS Pp (Xp) xXx... UXnay dx]. 


pot 
It is easy to show that when we limit 9 (x) the last integral in expression 
(7) disappears when n 7 ©, 
It follows from this that the evaluation I of the functional I = (y, ¢) may 
be obtained as the arithmetical mean of the results obtained by individual tests 


N ly 
1 L 
f=lay >) Sols") (8) 


pig -f 


t, is the total number of scatterings in the y-th test; xi) is the point of the 
j-th scattering in the W-th test. 
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In the same manner we can determine the dispersion Di of the ft. We leave 
out the calculation steps and present the final result 


> 1 : 
DI i WN I(p, p?) + 2 (ap 1p*, 7) a Qp, p)?], (9) 
where ¥* (x) is the solution of the conjugate equation 


{ [ep (x’) + p* (x')] K (x —- x’) dx’ = ap* (x) 


with source @ (x). 


It should be pointed out that if the functional I is small this Monte Carlo 
procedure will lead to large relative errors in the determination of this func- 
tional. Let us assume, for example, that it is necessary to determine the ra- 
diation spectrum passing through a thin layer of moderator with high absorption. 
Since a substantial part of the "histories" will end with the destruction of 
particles due to absorption, and since most of the particles which have passed 
through the layer will have an energy close to the source energy, we can con- 
clude that the information on the soft part of the transmitted radiation spectrum 
will be entirely inadequate. 


As we shall show below, the application of the following modification to 
the Monte Carlo method always decreases the dispersion of estimation f (ref. 6). 


We introduce the distribution function K. (x! + x) for point x a5 


where a fictitious particle which has left x' is scattered, 


K (x'’— x)= - a yoy) K(x —> 2’) 
Xf ) 5 i vax) dx! l—~g (x) 


and organize the random motion of the particle starting at point Xp with dis- 
tribution Q (xp). Since [ K, (x 7 x') dx' = 1, the random motion of this par- 
Au 


ticle lasts for an infinite period of time. We introduce the random quantity 
& associated with the random motion Xp 7X, 7X TF eee WX ees 


gas V Wye (xy), 


where 
int 
ier a (10) 


The average value of this quantity is equal to 
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ME = > {.--§ ( dxsQ (0) Ku (o~> x1) dtiK a (24 —> 2) de - 


ers a 


j~t 
Ka (tj ¥5) xz (x) | lg (x ( UX jiKs (Xj —> Xja1) = 


n=O 


=> \ oe | Q(x) dx) K (X)—> x1) dx,K (*1—> Xz) dxz ... 
j=1 


K (xj-1 > %5) 9 (xj) dxj= >) (Wi-w O) =, 


jo 


from which we obtain the statistical evaluation of the functional I 


Non 
Px Pea YY WP oo), (11) 


jstp-t 


when n is a predetermined number of fictitious particle scatterings such that 
we can neglect the effect of all subsequent scatterings compared with the sta- 
tistical error associated with the determination of I. This “threshold for 

cutting off" the history must be determined on the basis of physical consid- . 


erations. 


p-l 
The quantity W.= > (l-g(x,) is frequently called the "weight" of the 
jel 
p-th scattering. It represents an arbitrary probability for the “survival" of 
particles which have undergone scattering at points Xo» X 12 Xp2 ses Xue." This 
is responsible for the name given to the method. 


The dispersion of evaluation fx may be obtained by simple steps 
Dit =+-1(, 6) +2(Op*, o)— (9. PL (12) 


where ® (x) is the solution of the integral equation 


(Q(x) +(e) 1 = @ (x1 K(x’ + x) dx’ = 0 (2). 
T 


A comparison of expressions (12) and (9) shows that Df* < DI. 


Various modifications of this method are possible. They are all [176 
based on the introduction of the transient probability K (x 7 x'), associated 
with K (x ~ x') by expression 
_K(x—> x’) 


i. K (x —> x’) dx’ 
(D) 


K(x x)= 
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where (D) is.the region of space T in which the function » (x) assumes the maxi- 
mum values. A transition of this type must of course be accompanied by the in- 
troduction of corresponding weights. 


The Semianalytical Monte Carlo Method. This method combines an extremely 
wide group of approaches, so that at this time we can describe it only in a 
very general way. The method is based on the utilization of analytical solu- 
tions (if such are feasible) to create certain branching in the basic random 
motion process. If, for example, the main role in Neumann series (ref. 3) is 
played by the first scattering, while the contribution made by the second, third, 
etc., represents a correction, it is expedient to find this correction by the 
Monte Carlo method, and to establish the contribution made by the first scat- 
tering analytically. In this case even relatively large errors in the deter- 
mination of multiple scattering effects does not lead to large errors in the 
quantity of interest to us. This method of isolating the principal part of the 
solution serves as an extremely effective means for solving many problems. 


In general, if it is possible to integrate the Neumann series over several 
variables, this always leads to a decrease in dispersion (ref. 7). Thus, in 


a case of a homogenous semi-infinite layer of finite thickness, the Neumann 


series may be integrated over the variables Zi2 Zor sey ZBiy sees where z. is 
i 


the coordinate of the i-th dispersion (ref. 8). Integration over the energy 
variables and the variable angles is carried out by the Monte Carlo method. 


The Method of Control Variables (ref. 5). The basic idea behind the 
method of control variables consists of the following. Let us assume that 
€. is some random quantity, which is formed in a random experiment o. The 
mathematical expectation €) is obtained by the Monte Carlo method. Let us 
assume that €1, §5, .--, §,) is a series of other random quantities corre- 


sponding to experiment o, the mathematical expectation ME; > Cie Be eu Hg 


however, is known exactly. We form the following random quantity 
‘ 
E=bo— 2 aj(E;—ME)), (13) 


where a; for a while, remain as indeterminant constants. From expression (13) 
we have ME = ME 93 consequently, the sampled values of € may be used to evaluate 
MEO for any selection of weights as: The latter should naturally be selected 
in such a way that the dispersion D& is a minimum. This gives us 


n 
a NI a ee 
ta M [eS a; (bo — Af8,) | =0, 
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from which we obtain 


M [Eo (&, — ALE, = ya ((E; — ATE) (&, — ME, )I- (14) 


MIGi—A5) GreaMEM 3g the correlation coefficient between 
VDD; 


55 and &,, (D, is the dispersion of B,). we obtain 


Noting that 9i, aa 


VD, 00:1 o = 2, ja; VDD, 
j= 


or, in matrix form x = (x,, X,, +++, xy)» 


2 


%;=4,V Di Q3=(Os. 41 Qo,27 -++s Qonn)s 


V Do eo = Rx, 
where R is the symmetric matrix 
Cr1 Cre eee Gray 
R= G21 Q22 ++. Oxy | 
Qn,1 On.2 see On wn 


After substitution in D§ the solution x = Rot VDo@o gives us [177 
D§=D)—2 V Dy (00: x) +(x, Rx) =Da {1 — (ao, Ro), 


from which we conclude that the dispersion § decreases compared with the dis- 
persion 5) according to the expression 


e=1l— (Qo. Ros). 
In the particular case of a single control variable n = 1 we have 


Do 


e=1—Q,, QL = Qo, 4 D,* 
| 


Tr 1 = 0, dispersion €) cannot be decreased. If 47 1, there is a linear 
? 2 
relationship between 50 and 51 


Eo— ME, =a, (5s —~ Mé,). 
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In the case of two control variables n = 2 


1 Q1.2 
- 1—@Qj,2’ 1—@Qi,2 
i. Le Ls . 
x Q1.2 1 , 
1—@i,2’ 1—@j, 2 
e= (1-8 Fe. 2— 200, 1002.01 ) . 
—_ 7 1— 9? ’ 
i, 2 


us i 2.  Q0,1— 09.2 Qt2 . 
4 Dy 1— Qi, 


Do (00.2001 1.2 
Dz 1+ Qi,2 


- 


ag= 


‘ 


The quantity 9 = ( at the Pomrtustie” Ys is the correlation relationship between 
~~ Ci 7 


5 
following linear relationship exists between bo? by 55 


and Sy? Bo? which is well known in mathematical statistics. If p = 1, the 


bo — Men =, (Er — AP 2)) 5-2 (E — ATS2). 


The equations which have been obtained are of a theoretical nature and 
the weights aj are not known to us exactly. However, they can be computed 
approximately by making use of results obtained from the simultaneous obser- 
vation of values 50? > aceon eA used to evaluate those quantities which de- 


termine as. 


The basic difficulty associated with the application of the method of 
control variables, or as it is frequently called, the method of correlation 
sampling, involves the establishment of random quantities Sy hairy bw? which 


are strongly correlated with 55 and whose mathematical expectation must be 


known. Sometimes the problem can be solved by some numerical method with 
certain simplifying assumptions. This solution can be used as the mathemat- 
ical expectation of the corresponding control variable. This approach to the 
solution of problems of the theory of radiation transport is important, be- 
cause it associates the method of statistical tests with achievements in the 
development of conventional numerical methods. 


Berger and Doggett (ref. 8) used this method successfully to determine 
the dose B (t, t) produced by radiation passing through a layer of finite 
thickness t. The control variable was taken as the dose B (t, ©) at the 
depth t in a semiinfinite medium, which can be established with suf- 178 
ficient accuracy by the method of moments. 


Correlation selection is useful when it is necessary to determine the 
difference of two close quantities. Positive correlation between these may 
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make it possible to utilize the same collection of random quantities or histories 
(ref. 11). Finally, the application of correlation sampling gives a smoother 
variation in the values of the multiple integral as a function of the parameter 
than its independent computation for the collection of parameter values (ref. 11). 


Substantial sampling. The multiple integral 
t= ff (x) & 


may be computed by the Monte Carlo method utilizing the sampled values x)» 
Xe erey My of the random quantity §, which has a certain arbitrary probability 


density g (x). Indeed, the mathematical expectation of the random quantity 


ae M a = i f (x) dx = I does not depend on g(x) and is equal to I. How- 


ever, the dispersion D aa = if ae ax-1° depends on the selection of g(x). 
& g(x 
LF) f = 0 
If g(x) = Thay idx then p <1 : 
Since the integral [ |£(x)| ax is unknown, it is not possible to reduce the 
dispersion to zero, but it is possible to reduce it substantially if we select 


g(x) in such a way that the ratio l2(x) | varies little in the region of inte- 
gration. 


Local Computation of the Flux 
It is obvious that the methods described above are not suitable for the 


case ~ (x) = 6 (x-x*), i.e., when it is necessary to determine the phase density 
¥ (x*) of scattering at one fixed point rain Indeed, since the phase volume is 
equal to zero, none of the selected trajectories will pass through point x*, 
This case will appear as the limiting case when radiation is recorded with a 
detector having a rather low effectiveness for counting individual particles 
emitted by the source. Such a detector produces practically no perturbation 

of the radiation field, and it may be assumed with good approximation that the 
number of detector counts is directly proportional to the phase density y (x*). 


The following method makes it possible to avoid this difficulty. Let us 
return to the conventional Monte Carlo method, i.e., let us consider the random 
motion of a particle with a transient probability K (x ~ x’). We introduce the 


random quantity 
1 
B= 2 K (x; — x*), (15) 
I= 
where X45) as before, are points of scattering; ! is their total number. According 
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to relationship (5) the mathematical expectation eo is equal to (we should set 


p (x) = K (x 7 x*)) 


ME, = (sp, K(x ~> 1") == ( K (x => x) ap (x) dx. 


; 
From the basic equation (2) it follows that 


wet) = Misi | Q(a0) K (v9 + 2%) dio, (16) 
) 


i.e., ME 5 is the contribution of the scattered radiation to the phase density. 


¥ (x*). The contribution of the unscattered radiation is not difficult to 
compute, 


This method can be easily combined with the method of conditional proba- 
bilities. As an example let us consider the problem of finding the angular 
and energy distribution of y-quanta flux (ref. 9) at point r* of space in the 
presence of sources Q (x5). Let r, be the radius vector of the j-th [179 


scattering point; Q5, E, the direction and energy of y-quanta after the j-th 


J 
scattering where the random motion is organized with a transient probability 
K. (x ~x'). Then the application of the method of conditional probabilities 


and of relationship ae gives us the following expression for the scattered 
part of the flux 4, (r*, Q, E) 


: es eo (rj. Ejt eyo | 
AQAE®, (r*¥, 2, c)= MN WV; - ar “” 


i : (17) 
KP(E; 1. i}. be a) \ {Q, o)A(E, Ej), 


where W, is the "weight" of the j-th scattering; z (r, E) is the total mac- 


roscopic cross section; (EB, 2, Q') aQ' is the probability that the y-quantum 
with energy E will change its direction 2 in the interval dQ' near 0' due to 


% 
ra- 
scattering by a free electron; 5 = ak 
[rj-2*| 
A (Q, Q1) = 1, if Q' belongs to the interval AQ near Q; 
0, in the opposite case; 
A (E, B') = 1, if E' belongs to the interval AE near E; 
: O, in the opposite case; 
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E, = E (E54) (o.0, ve is the energy after scattering by an angle ® = arccos 
(Q, 1%;) of the y-quantum which had an energy E, 1 before scattering. 
2 cs 


The presence of the term |r,-rxl® in the denominator leads to the diver- 
gence of dispersion of the random quantity Bo: However, this does not present 


an obstacle for the utilization of the Monte Carlo method. Indeed, the exist- 
ence of the mathematical expectation ME 5 establishes the validity of the law 


of large numbers, i.e., the probability convergence of the mean arithmetical 
value of results from N experiments to the value of the flux $, (r*, E, Q) 


(ref. 10). It is, of course, obvious that the absence of dispersion of eval- 
uation, based on relationship (17) leads to the fact that the distribution of 
the mean arithmetical value of N tests is not asymptotically normal. As a re- 
sult we cannot evaluate the errors by computing a sampled dispersion, and we 
must use other methods to evaluate the errors. 


This shortcoming of the method for the local computation of the flux in- 
volving the absence of dispersion may be removed if we compute the Fourier 
coefficients of the flux in terms of three-dimensional variables. In this case 
the concepts presented in reference 11 are valid, and the results of work pre- 
sented in references 12 and 13 may be used to decrease the dispersion of the 
Fourier coefficients. In these references interpolation quadratic equations 
and interpolation equations with random nodes were constructed. In computing 
the Fourier-Legendre coefficients it is convenient to construct the inter- 
polation polynomials of low order by breaking down the integration region into 
smaller parts. From the difference of the values for the interpolation poly- 
nomials at the boundary of the regions it is easy to obtain an idea of the 
accuracy associated with the approximation of the unknown function by the inter- 


polation polynomial. 


Application of Quadrature Equations with Random Nodes 


A further development of the general methods of decreasing a dispersion, 
based on the construction of interpolation quadrature equations (ref. 12) makes 
it possible to construct quadrature equations with random nodes of increased 
accuracy, which are extremely useful for practical applications. 


n 
Let us consider the quadrature sum ,2) A,f (Q,) for the approximate com- 
putation of the integral J £(Q) dQ. Let us assume that f(Q) has been determined 
D 


and that its squares have been added in the region D of Euclid space k [180 
of measurements Q, € D. If we require that the quadrature equation 


( Q)aQ~ YAO) 


D iu 
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be exact for assigned linearly independent functions Pp Pp cre Ay then if Qs 


is fixed the coefficients A, may be determined uniquely from the conditions 


S Av¢, Q)-- 0 9 (QQ. (18) 
1 


i 9 


_ 


In this case it is necessary to assume that the determinant of the system of 
linear algebraic equations (18) is different from zero. 


Such quadrature equations were considered in reference 12, proceeding from 
the proposition that the nodes a, are selected at random. A function for the 


probability density of nodes Q; was constructed and for this function the fol- 
lowing equality was valid 


MX Af(Q)= J} 7(Q) 40. 
i D 


zy 


The utilization of quadrature sums with random nodes may lead to a substantial 
gain in the computational work when the function 5 (Q) is successfully selected. 


We may require that the quadrature equation (18) be exact for a large number 


of linearly independent functions 9), ®, vik @ (r <n). In this case in 
n+r 


addition to equality (18) the following equalities must also be satisfied 


Dd APnsm (QI \ rmn(QdQ (m=-1, 2, 0.2, 2). 


i=l yy 


These equalities obviously place additional limitations on the distribution of 
nodes Qs in the region D. The quadrature equation with n+l random nodes, which 


are exact for more than (n+1)-th linearly independent function, will be called 
the correlation quadrature equations. The simplest correlation quadrature 
ee ae were constructed on the basis of other considerations in references 
14 and 15. 


In the present work, as an example, we present a sufficiently simple corre- 
lation quadrature equation which is successfully used in solving a series of 
problems associated with the transmission of radiation through a substance. 


Let D be a unit hypercube. The quadrature equation 
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1 
ax? \ {O28 ae “ F(x ee, MOY Fe, 200, xo) 

a (19) 
+E (KM 2.2, MO) HAL — XP, 00, Dah) FL, 2, ba xt) 
+(x, 2.2, 1x9] 


~ 


i 


XN 
is exact for unity, 3g ™) and (x (m))2 (m=1, 2, ..., k) and the corresponding 
quadratic sum is the undisplaced evaluation of the integral, if the coordinates 
of the nodes are equally distributed on the surface, 


( xn)? (xo™y2 L (<0)? = 1, 
A™>0, x«™>0, W™>0 
(m=1, 2,°..., &). 


In computing the transmission of radiation through an infinite plate the 
number of computational works decreases, when quadrature equation (19) is used, 
by a factor of 10 if the plate thickness is equal to 1-3 mean free paths, and 
by a factor of 15 if the thickness is 7-10 mean free paths computed from {181 
the initial particle energy. 


In the present work we shall not present correlation quadrature equations 
of more complex form, because at the present time they have been tried in a 
very small number of examples. However, we should note that their application 
to increase the effectiveness of the Monte Carlo method is apparently quite 
promising. 


Solving Problems by Means of High-Speed Computers 


The qualitative aspects of programming are of great significance when the 
Monte Carlo method computations are carried out by means of high-speed computers. 
This problem should be given special consideration. It is clear that the rela- 
tively small reduction in the number of operating steps for the computer, when 
a single particle history is computed, leads to a substantial saving of time 
necessary to solve the problem as a whole. This places very stiff requirements 
on the programming of problem solution, analogous to those requirements levied 
on standard subprograms. The individual units of the program for solving prob- 
lems associated with the transmission of radiation through a substance by the 
Monte Carlo method are common for various problems. 


If we have a large library of such units, it is possible to provide for 
rapid and high-quality composition of programs and the wide application of 
methods for increasing the effectiveness of the Monte Carlo method. It is also 
necessary to have a special compiling system which takes into account the special 
features associated with problems of this type and provides for a convenient as- 
signment of information for compilation. 


Work on the construction of such a system has been carried out by S. M. 
Yermakov, I. Ye. Bocharova, B. A. Yefiemenko and others. The availability of 
such a system makes it possible to carry out the exchange of programming units 
between interested parties, which is of great significance for the application 
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of effective computation methods. We note that the adoption of automatic pro- 
gramming language in practice does not in any way decrease the significance of 
unit programming in this case. 
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PART II. THE EXPERIMENTAL INVESTIGATIONS OF SHIELDING 


THREE-DIMENSIONAL ENERGY DISTRIBUTION OF 
NEUTRONS IN THICK IRON LAYERS 


V. P. Mashkovich, V. K. Sakharov and S. G. Tsypin 


Iron is a shielding material which is widely used in practice. [182 
It is used as a convenient structural material for reactor vessels, in iron and 
hydrogen-containing mixtures, in thermal and biological shieldings, etc. 


In spite of the wide application of iron, information published to date on 
the three-dimensional distribution of neutrons in iron (refs. 1-4) is still rath- 
er limited. Table 1 shows a summary of the basic experimental data on the pene- 
tration of neutrons through iron, published in the literature. 


The present work is concerned with the investigation of the three-dimen- 
sional distribution of fast and intermediate neutrons in iron (ref. 5). 


A description of the B-2 experimental setup is presented in reference 5 
(see also the article onp. 357of this volume). The BR-5 reactor (refs. 6, 7 
and 8) serves as the neutron source. The spectrum of neutrons incident on the 
iron prism is presented in figure 1 (refs. 5 and 9). For neutron energy greater 
than 1 MeV the spectrum is determined by means of a photographic plate /183 
with a K-type emulsion having a thickness of 200 % and manufactured by the en- 
gineering photographic plate plant. 


The photographic plates are installed in the neutron beam as it leaves 
the channel of the biological shielding. The spectrum was constructed ac- 
cording to results obtained from more than 2500 recoil proton track measure- 


ments with protons escaping forward at an angle of + 15°. The spectrum which 
has been obtained takes into account the variation in the cross section of 
neutron scattering by hydrogen, the background radiation and the finite thick- 
ness of the emulsion layer. A comparison of the obtained spectrum with the 
fission spectrum shows that when the energy is less than 3 MeV there is a slight 
softening of the obtained spectrum (ref. 5). 


The neutrons passed through a channel with a diameter of approximated 250 mm 
in the shielding and entered a tank which contained a steel prism with dimensions 
of 1320 x 1360 x 1880 mm (fig. 2a). The neutron beam entered the tank through 
the middle of the wall whose dimensions are 1320 x 1360 mm. The total angular 
divergence of the beam was approximately 5. 
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Thus a unidirectional disk source with angular divergence specified above 
was used in the experiment. The prism was assembled from nine packs with dimen- 
sions of 1320 X 1360 X 117 mm, followed by seven packs with dimensions of 1390 
X 1360 X 117 mm. The iron packs differed in thickness by not more than 1 per- 
cent. Each iron pack consisted of six sheets with dimensions! of 1320 x 1360 
X 19.5 mm and had a vertical hole for an iron plug with a diameter of 90 mm and 
a depth of 830 mm. 


The plug which was used to take the measurements contained a groove for the 
detector holder, which consisted of an iron strip with a device for installing 
the detectors. The shape of the detector holder corresponded to that of the 


groove. The iron density was 7.86 g/cm3; the brand of iron was Cp-O (with ad- 
ditions of C, Mn, S and P constituting a total of up to 0.6 percent). 


During the measurements the iron prism was introduced into the biological 
shielding to a depth of 1400 mm. Fast neutron detectors consisted of threshold 


indicators operating according to the reactions $3 (n, p)P3, Mg, (n, p) 


Na@4 A127 (n, @) Na24, whose effective energy thresholds for the incident 
spectrum were equal to approximately 3, 5 and 7 MeV, respectively. The tracers 
consisted of disks with a diameter of 35 mm and heights of 6, 2 and 5 mm, re- 
spectively. The sulfur tracers were made of chemically pure fused sulfur, the 
magnesium tracers were made of chemically pure magnesium, and the aluminum 
tracers were made of chemically pure AV-000 aluminum. 


A Th23¢ fission chamber with a height of 4 cm and a diameter of 8 mm (the 
effective threshold for the incident spectrum is approximately equal to 2 MeV) 
was used as a detector of fast neutrons. 


A SNM- 3° type proportional counter filled with BF 3 was used to detect in- 
termediate neutrons together with copper tracers with a diameter of 35 mm and a 


thickness of 1.1 mm, operating according to the reaction cu®3 (n, y) cul, and 
gold tracers with a diameter of 6 mm and a thickness of 4 mg/cm operating ac- 
cording to the reaction Aul97 (n, y) Aut98 | 


The above tracers were placed into detector holders of two types. The de- 
tector holder for threshold tracers as well as for the copper and gold tracers 
(fig. 2b) had holes for installing detectors along itsentire length, spaced at 
a distance of 50 mm from each other. In order to fill the air holes, iron disks 
with a diameter of 35 mm and a thickness of 1 mm were installed into the same 
holes together with the tracers. These disks were designed in such a way as to 
eliminate the air gap completely. Small iron cylinders of corresponding 


1 Beginning with the ninth pack the 1320 mm dimension was increased to 1390 m. 
2In the future we shall refer to it simply as the boron counter. 
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Neutron flux relative units 
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Neutron energy, eV 


Figure 1. Spectrum of neutrons incident on iron prism; 
data presented in reference 93 —— — — — data 
presented in ref. 5; —-—-—. spectrum of fission neutrons. 


dimensions were placed into holes which were not occupied by the indicators. 


The detector holder for the boron counter and for the phos? fission chamber 

(fig. 2c) had a hole in the lower part for the counter or for the end chamber 
and grooves for running a cable to the detector. The displacement of the de- 
tector in the vertical direction was achieved by lifting the detector holder 


and filling the resulting air gap with iron. 


The holes in the packs made it possible to place detectors at different 
points in the iron prism under the plugs and the detector holders. The position 
of a sensor was fixed with an accuracy of at least 1 mm in the horizontal and 


vertical directions. 


The detectors were placed at various distances r from the source and at a 
different height h from the central beam in a direction perpendicular to the 


neutron beam (fig. 3). 


The activity induced in the copper, gold and sulfur tracers was determined 
by constructing the decay curves. Measurements were made using a type B instal- 
lation with an end SI-2B type counter. The stability of counter installation 
operation was controlled periodically by means of a uranium standard, and the 
background radiation was also measured periodically. 


The induced activity of aluminum and magnesium tracers could not be [185 


determined with this method because of difficulty of distinguishing the basic 
activity from the activity of the additives. The activity of the added copper 


266 


Figure 2. General view of iron prism (a) of detector holder 
for copper and gold tracers (b) and of detector holder for 
boron counter (c). 


becomes particularly pronounced as the distance from the source increases due 

to the large difference in the penetration capability of fast and intermediate 
neutron fluxes. Therefore the activity of aluminum tracers, for example, was 

determined from the peak of photoelectrons produced in the crystal by 


Nat y-rays with energies of 2.76 MeV. Measurements were carried out by means of 
a scintillation y-spectrometer with a NaJ (TL) crystal having dimensions of 80 xX 
80 mm (ref. 10). 


The aluminum tracers were installed in a fixed position close to the scin- 
tillating crystal. The energy scale was controlled according to the y-radiation 


60 
of the Co isotope. A correction was introduced for the activity of the Na®3 
(2 +1) 107# percent additive by using a neutron flux of intermediate energy 


(ref. 11). 
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Figure 3. Schematic of experimental setup: 1, source; 
2, plug; 3, detector holder; 4, holes for detector; 5, 
central beam; Nos. 1-16, iron assemblies. 


Measurements made with magnesium tracers and_with the thorium chamber were 
corrected for the count due to the addition of u->? in the The2@ chamber and 
due to the additional activity of impurities in the metallic magnesium, utiliz- 
ing the method described in reference 11. 

Figures 4, 5 and 6 show, respectively, the activity of sulfur and alumi- 
num tracers and the readings of the thorium chamber as a function of height h 
for various distances r from the source. The three-dimensional distributions of 
neutrons measured with the boron counter and with copper and gold tracers agreed 
within 10 percent. 

Figure 7 shows these three-dimensional distributions as a function of h for 
fixed values of r. 

‘The measured distributions shown in figures 4, 5, 6 and 7 represent the 
three-dimensional distribution of neutrons from the unidirectional disk source 
used in the experiment. 

Figures 8, 9 and 10 show the neutron attenuation functions for the infinite 
plane unidirectional source Gop (r), which were determined from measurements 
made with various tracers according to equations in references 5 and le, 


foe) 


Geo, (NC = ( G(r, h)hdh, 


D ° M 


where Gy M (r, h) are the distributions shown in figures 4, 5, 6 and 7; C is a 


constant. 
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Figures 8 and 9 also show the attenuation curves for neutrons in 


in ee ee ee eee 
a oo an nein’ 
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Tracer activity in relative units 


0 0 2 30 40 50 6&0 
Height, cm 
Figure 4. Activity of 


sulfur threshold tracers 
as function of height h 
for various distances r. 


the direction of central beam Gp y (r,0). 


i.e., without eliminating the effect produced by foreign impurities. 


Tracer activity in relative units 
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Figure 5. 


Activity of 


aluminum threshold tracers 
as function of height h for 
various distances r. 
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For the case of aluminum tracers figure 9 also shows the neutron attenu- 
ation curve in the direction of the central beam measured by the end counter, 


These 


measurements were carried out after aging for a period of 15-20 hr, so that the 


foreign activities which remained were due only to cue 


» Which has a half-life 


close to the half-life of Na+ formed according to the reaction Al ei (n, ar) 


Na 


2h 


and Na 


2h 
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formed according to the reaction Na@3 (n, y) Na+ 


The results of the measurements carried out with all of the tracers are 
shown in table 2. 


Figure 11 shows the measured cadmium ratios Roa for copper tracers, i. e., 


the ratios of readings made with 4 tracer without a cadmium filter to the readings 
made by a tracer with a cadmium filter under identical conditions of irradiation. 


The filters were built in the form of small cadmium cases with a thickness 
of 0.6 mm. The curves in figure 11 show that the cadmium ratio is equal to unity 


within the limits of a 10 percent error. 


Analogous results were obtained by measurements taken with gold tracers and 
boron counters. 
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Figure 6. Readings of ao 
Th23¢ fission chamber as 
function of height h for 10°? 
various distances r 
(— — — ~ data from direct Height, cm 
measurements without cor- 
rections for counts due Figure 7. Measured neutron dis- 
tribution for various values of 
to U°3> additive). distance r. 
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Figure 8. Neutron at- Figure 9. Neutron attenu- 
tenuation function for ation function for infinite 
infinite plane uni- plane unidirectional source 
directional source (a) (a) and attenuation curves 
and attenuation curve in direction of central beam 
in direction of central corresponding to measurements 
beam (b) measured with made with gamma spectrometer 
sulfur tracers. (b) and with end counter (c) 


(measurements made with alu- 
minum tracers). 


In the present work measurements were also made of the gold ratio for /187 
gold tracers. This ratio is defined as the ratio of tracer readings without a 


gold filter to tracer readings with a gold filter. 


The thickness of gold filters 


was lO7T mg /om*. The gold ratio was constant and was equal to 4.8 (during meas- 
urements with an accuracy of approximately 13 percent). 


Let us compare the results which we obtained with known cross sections and 


with certain computed data. 


The relaxation length obtained for measurements with the pno?@ fission 
chamber agrees well with data presented in reference 1. 
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The discrepancy in the relaxation length measured by means of threshold 
tracers according to reactions S3* (n, p) P32, Mg?" (n, p) Na2* ana a1®? (n, @) 


Na? and measured by means of the T°3¢ fission chamber may be explained by the 
decrease in the cross section when the energy is 1-2 MeV. 


The values of relaxation lengths obtained experimentally from meas- /188 
urements with sulfur, magnesium and aluminum tracers agree well with the cor- 
responding value computed according to the removal cross section (ref. 13), 
differing from the latter by 10 percent. 


Table 3 shows the computed values of asymptotic cross sections in the trans- 
port approximation for several energy groups (p. 99 of this volume). 


The computation of these cross sections is based on the adopted [190 
group cross sections and on equations for determining the asymptotic diffusion 


length (ref. 14). 


The data which have been obtained agree well with cross sections computed 


from relaxation lengths: © 39 >= 1.81 barn; o = 1.87 
s*" (n, p) P3 Men, Pp) Na?" 


barn; = 1.87 barn. 


o 
ater o) Na4 


In order to compare the experimental and theoretical data on the penetration 
of intermediate energy neutrons, the spectrum of intermediate energy neutrons was 
computed using the age theory. 


We note that the form of the spectrum remains constant over the entire range 
of iron thicknesses which have been investigated. This agrees well with the con- 
stant relaxation length associated with the intermediate neutron flux attenuation 
over the entire shielding thickness obtained from measurements made by all of the 
detectors. 


Figure 10. Neutron attenuation func- 
tion for infinite plan unidirectional 
source measured with Cu, Au and BF, ° 


272 


TABLE 2. RESULTS OF MEASUREMENTS MADE WITH DIFFERENT TRACERS. 
Detector Effective threshold according 
to incident spectrum MeV 


Measured range 


of thicknesses, | Relaxation 
em length, cm 


BF. counter = 
cu®3 (n, y) CyO4 - 
Aul9T (n, y) AyL98 - 


m34 (n, Pf) ~2 
s® (n, p) P3 “3 
Me* (n, p) Na2 a, 
a?! (n, a) Na2 ~T 


TABLE 3- ASYMPTOTIC CROSS SECTIONS IN THE TRANSPORT 
APPROXIMATION, BARN. 


Energy group, 
MeV 


L.4-o 

1.4-2.5 

2.5-4 
4-6 
6-« 


Proceeding from the obtained spectrum, a cadmium ratio equal to unity and 
a gold ratio equal to 5.9 were established. This agrees well with experimental 
data within the accuracy of experimental and computational error. 


The authors express their deep gratitude to 0. I. Leypunskiy and V. V. Orlov 
for useful remarks during the discussion of the work. 
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h, cm 
Figure 11. Cadmium ratio for 
copper tracers as function of 
height h and distance r, cm: 
a, Yr = 3-73 by, r = 50.53 c, 
r= 73.9; 4d, r= 97.33 e, r= 
LeON7s fy PF = Le. 


REFERENCES 


1. Broder, D. L., Kurkin, S. A. et al. Investigation of Three-Dimensional 
Neutron Distributions in Various Media. In Transactions of the Second 
International Conference on the Peaceful Utilization of Atomic Energy. 
Reports of Soviet Scientist, Vol. 2. Nuclear Reactors and Nuclear Power 
Engineering. (Izucheniye prostranstvenno-energeticheskikh raspredeleniy 
neytronov v razlichnykh sredakh. V kn.: Trudy Vtoroy mezhdunarodnoy 
konferentsii po mirnomu ispol'zovaniyu atomnoy energii. Doklady sovetskikh 
uchenykh. T. 2 - Yadernyye reaktory i yadernaya energetika). Moscow, 
Atomizdat, p. 674, 1959. 


2. Wood, D. E. Nucl. Sci. Eng. Vol. 5, 45, 1959. 
3- Blizard, E. P. Ann. Rev. Nucl. Sei., Vol. 5, 91, 1955.. 


4. Broder, D. L. Atomnaya Energiya, Vol. 7, 55, 1957. 


274 


Mashkovich, V. P. and Tsypin, S. G. Atomnaya Fnergiya, Vol. 11, 251, 1961. 


Leypunskiy, A. I. et al. Experimental Fast Reactors in the USSR. In Trans- 
actions of the Second International Conference on the Peaceful Utilization 
of Atomic Energy. Reports of Soviet Scientists. Vol. 2, Nuclear Reactors 
and Nuclear Power Engineering (Eksperimental'nyye bystryye reaktory v SSSR. 
Vkn.: Trudy Vtoroy mezhdunarodnoy konferentsii po mirnomu ispol'zovaniyu 
atomnoy energii. Doklady sovetskikh uchenykh. T. 2. Yadernyye reaktory 
i yadernaya energetika). Moscow, Atomizdat, p. 215, 1959. 


--- Atomnaya Energiya, Vol. 5, 277, 1958. 

--- Atomnaya Energiya, Vol. 7, 192, 1959. 

--- Atomnaya Energiya, Vol. 11, 498, 1961. 

Larichev, A. V. and Cherevatenko, G. A. Investigation of the Sensitivity 
of a Single Crystal Scintillation y-spectrometer with a NaJ (TL) 80 x 80 
mm Crystal. In Instruments and Methods of Analyzing Radiations. No. 3 
(Issledovaniye chustvitel'n osti odnokristal'nogo stsintillyatsionnogo- 
spektrometra s kristallom NaJ (Tl) 80 xX 80 m. Vsb.: Pribory i metody 
analiza izlucheniy). Moscow, Gosatomizdat, 1962. 

Mashkovich, V. P. P. 409 of this volume. 

Dulin, V. A. et al. Atomnaya Energiya, Vol. 9, 315, 1960. 

The Shielding of Mobile Installations with a Nuclear Engine. Collection of 
Translations Edited by V. V. Orlov and S. G. Tsypin (Zashchita transportnykh 
ustanovok s yadernym dvigatelem. Sb per. pod. red. V. V. Orlova iS. G. 
Tsypina). Moscow, Izd-vo I. L., 1961. 


Price, B., Horton, C. and Spinney, K. Shielding of Nuclear Radiations 
(Zaschita ot yadernykh izlucheniy). Moscow, Izd-vo I. L., 1959. 


279 


DEFORMATION OF FAST NEUTRON SPECTRUM IN CONCRETE AND WATER? 


Yu. A. Yegorov 


Measurements of. spectrum deformation of fast nuclear reactor [190 
neutrons passing through thin concrete layers and water layers were carried out 
on the nuclear reactor of the Academy of Sciences USSR (ref. 1). The spectra 
were measured by means of a fast neutron scintillation spectrometer with two 
sensors (ref. 2). The reactor neutrons were introduced through the side exper- 
imental reactor channel, and before entering the spectrometer they passed 
through a graphite reflector with a thickness of 1 m and a steel plate with a 
thickness of 16 mm. The spectra were measured in the energy range of 2.1-3.6 


MeV. 


The neutrons from the experimental reactor channel passed through a colli- 
mator (paraffin with borax and lead) and entered the crystal analyzer of /191 
the spectrometer--stilbene; neutrons which were scattered by the crystal 
analyzer at an angle of 70 entered the starting sensor, which consisted of 
five scintillation counters with a liquid scintillator (a solution of diphenyl- 
butadiene in xylene). The electronic circuits of the spectrometer were con- 
nected in such a way that the pulses which entered the pulse amplitude analyzer 
were proportional to the energy of recoil protons formed in the sensor-analyzers 
of the spectrometer only when neutrons were scattered at an angle of 70°. The 


neutron energy was determined from the relationship E_ = B,/sin® 70° (E, is the 


neutron energy, MeV). 


The spectrometer was calibrated by measuring the a- and B-spectra of 
several radioactive radiation sources. The transition of the a- and B-particle 
energy into proton energy was carried out on the basis of data presented in 


reference 3. 


During the investigation of transmission spectra, the concrete plates and 
little baths with water were placed in front of the spectrometer collimator in 
the path of neutrons from the experimental channel. The concrete utilized in 


the experiment has a volumetric weight of 2.2 metric tons/m’, and was prepared 
from conventional Portland cement whose chemical composition is given in 


reference 4. 


——————— 


linis work was carried out in 1955. 
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To study the transmission spectra of fast neutrons through: water, the lat- 
ter was poured into thin-walled flat baths made of brass. 


The fast neutron spectrum behind the reactor reflector has a maximum at an 
energy of 2.35 MeV (fig. 1, curve 1); the number of neutrons with this energy 
is greater than the number of neutrons with the maximum energy by a factor of 
approximately 40. The form of the spectrum behind ‘the reflector is substan- 


tially different from the form of U-- fission neutron spectrum. While the 
nondescending region of fission neutron spectrum is well approximated by a 


-E,/1-55 
function of the form N(E_) =e E,/ » according to data presented by Hill 
(ref. 5), the nondescending region of the measured neutron spectrum behind the 
reflector may be described by the function N(E_) = 1.7°10° e-T Fn (gz 46 the 


energy of neutrons in MeV). Thus the fast neutron spectrum behind the reflec- 
tor has a form which is different from the fission neutron spectrum. When 


No. of neutrons, relative units 


2 26 28 32 46 4 


Neutron energy, MeV 


Figure 1. Transmission spectra of fast neutrons 
through concrete layer of various thickness: 1, 
spectrum behind reactor reflector; 2, 5 cm; 3, 
7-5 em; 4, 10 cm; 5, 12.5 cm; 6, 15 cm; 7, 17.5 
em; 8, 20 cm. 


2TT 


E, < 2.3 MeV, the number of neutrons is sharply reduced; the relative number of 
neutrons with E, > 3 MeV is also reduced. The neutron spectrum behind the re- 


flector appears to become monochromatic near the energy of 2.35 MeV. This re- 
sult coincides with propositions which have been stated, for example, in 
reference 6. 


The results of measuring transmission spectra of fast neutrons through a 
thin concrete layer are shown in figure 1. Curve 2 is obtained for a concrete 
thickness of 5 cm, and the remaining curves are obtained when the layer thick- 
ness is increased by 2.5 cm each time. As we can see, the form of the [192 
spectrum does not differ too much from the spectrum of fast neutrons behind the 
reactor reflector. 


As the thickness of the concrete layer is increased the absolute number of 
neutrons in the maximum decreases; however, it changes very little with respect 
to the number of neutrons with the maximum measured energy for given concrete 
thickness. As the thickness of the concrete layer is increased, the spectrum 
maximum is gradually displaced in the direction of lower energies: thus when 
the thickness is 10 cm the spectrum maximum is displaced by approximately 150 
keV. In this case the maximum in the spectrum also decreases. 


No. of neutrons, rel. units 


v4 24 28 32 36 g 
Neutron energy, MeV 


Figure 2. Transmission spectra of fast neutrons 
through water layers of different thickness: l, 
spectrum behind reactor reflector; 2, 2.5 cm, 3, 
5 em; 4, 10 cm; 5, 20 cm. 
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The spectra of fast neutrons passing through water layers of small thick- 
ness vary in approximately the same manner (fig. 2). However, in this case the 
variation in the form of the spectrum takes place a little more rapidly than 
when neutrons pass through the concrete. When the water layer thickness is 20 
cm, the maximum of neutron spectrum corresponds to an energy of 2.15 MeV. As 
the water layer thickness is increased, the boundary neutron spectrum energy 
decreases. 
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SHIELDING PROPERTIES OF CERTAIN TYPES OF CONCRETES 


V. N. Avayev, G. A. Vasil'yev, A. P. Veselkin, 
Yu. A. Yegorov, A. D. Zhirnov, 
V. A. Kucheryayev, Yu. V. Orlov, Ye. A. Panov 
and Yu. V. Pankrat'yev 


The biological shielding of nuclear reactors must attenuate the [193 
neutron and y-radiation fluxes from the active zone in such a way that the 
total dose power on its surface does not exceed the permissible level. Special 
concrete with an increased content of hydrogen nuclei and with introduced fil- 
lers containing heavy elements and boron compounds is very effective for this 


purpose. 


The increased hydrogen content in concrete is achieved basically by intro- 
ducing special materials which increase the quantity of water entering into a 
chemical bond with its composition. The attenuation of fast neutron fluxes by 
concrete is due primarily to the process of elastic neutron scattering by hy- 
drogen nuclei and the inelastic scattering by iron nuclei or other heavy ele- 
ment nuclei which make up the concrete composition. Neutrons which have lost 
their energy as a result of these processes, and which have become thermal 
neutrons, are effectively absorbed by boron nuclei. Boron is introduced into 
the concrete composition in the form of various compounds, for example, calcium 


borate. 


The introduction of heavy elements into concrete is also necessary for the 
effective attenuation of y-ray fluxes, because the absorption of y-radiation by 
a@ substance increases with the specific weight of the substance. The applica- 
tion of reinforcement sections and of cast iron scrap for the coarse filler 


increases the volumetric weight of concrete to 4-6 metric tones, which substan- 
tially improves its shielding properties (ref. 1). 


The investigated concretes had light and heavy elements in their composi- 
tions, in the form of fine and coarse fillers and boron containing additions 
(ref. 2). Test samples were constructed in the form of rectangular plates with 
dimensions of 600 x 600 x 80 mm? The volumetric weight of concretes varied 


from 2.0 to 4.65 metric tons/m, depending on the form of the coarse filler. 
The compositions of the concretes which were investigated are shown in table l. 


The investigation of the shielding properties of concretes was carried out 
using sources of radioactive radiations. The attenuation of fast neutron 
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fluxes by the concretes covering the entire spectrum of the Po + Be source in a 
wide beam was investigated by means of an "all-wave" counter (ref. 3). Measure- 
ments were carried out using barrier geometry and a wide beam, keeping a con- 
stant distance between the source and the sensor. The attenuating layer was 
built up from the source to the sensor. 


The results of the investigations were used to determine the attenuation 
of fast neutrons for the entire spectrum of the Po + Be source for the individ- 
ual concretes. Figure 1 shows the attenuation graphs for concretes Nos. 6, 8 
and 12. The error associated with measurements conducted by means of the "all- 
wave" counter had an average value of 2.5 percent and varied in the limits from 


1.6-5.4 percent. 


The total attenuation cross sections 2 were computed from the attenuation 
curves. The calculation was carried out with the rectilinear portion of the 
attenuation law. The values obtained for E are represented in table 2. 


The attenuation curves have inflection points for almost all of the con- 
crete samples. When the thicknesses of the attenuating layer are greater than 
35-59 cm, the total attenuation cross section © decreases. This inflection is 
explained by the contribution made by neutrons which fall into the counter 
after multiple scattering by surrounding objects (floor, ceiling) and by the 
test samples. This contribution increases as the thickness of the attenuating 
layer is increased. Consequently, a decrease in the value of © for large con- 
crete thicknesses, independent of their composition, should be looked upon 
as an unavoidable experimental error. However, by increasing the thickness of 
the attenuating layer to 60-80 cm it is possible to determine the slope of the 
linear attenuation law region more exactly. 


No. of counts, relative units 


Layer thickness, cm 


Figure 1. Attenuation of fast neutron fluxes of entire 
Po + Be source spectrum by concretes Nos. 6, 8 and 12. 
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TABLE 2. ATTENUATION CROSS SECTIONS FOR NEUTRON FLUXES OF THE ENTIRE 
Po + Be SOURCE SPECTRUM. 


Ganévare Dy meee Thickness of Thickness of 
umb ea: ?| attenuating attenuating 
manele layer, cm layer, cm 
1 0.0626 | 4.5 > 15 
2 {0.0754 | 3.8 > 15 
3 0.0827 | 3.8 > 15 
y 0.0846 | 4.0 >15 
5 0.06442) 2.4 > 15 
6 0.0768 | 2.1 > 15 


From the results obtained we can see that the flux of fast neutrons is 
best attenuated by heavy concretes Nos.7, 3 and 12, whose composition 1 
includes a large quantity of iron. Furthermore, these concretes have a suffi- 
ciently high hydrogen content compared to other samples, while concretes Nos. 7 
and 12 also contain magnesium, whose total cross section in the region of 
approximately 1 MeV neutron energies is close to the total cross section of 
iron in this same region. 


It is necessary to point out that many concretes (Nos. 6, 8, 10 and 11) 
produce the same attenuation of neutrons from the Po + Be source. However, the 
accumulation of neutrons in the first layers of these concretes is not the 
same. Therefore the attenuation curves obtained for these are almost parallel 
when the layer thickness is greater than 15-20 cm. The same is true of con- 
cretes Nos. 3 and }. 


The attenuation of thermal neutrons by concretes was also measured with a 
thermal neutron scintillation counter under conditions of a wide beam. Lithium 
glass (ref. 4) in conjunction with a FEU-29 photomultiplier was used as the 
sensor. The initial flux of thermal neutrons in these exreriments resulted 
from the moderation of fast neutrons from the Po + Be source in graphite 
blocks. Measurements were carried out with and without a cadmium filter. The 
attenuation curves for thermal neutrons (more precisely for neutrons with en- 
ergy 0-1.4 eV) were obtained by subtracting the measurement results obtained 
with the cadmium filter from the respective results obtained without a cadmium 
filter. Figure 2 shows the curves for the attenuation of thermal neutron flux 
by concretes Nos. 5,6 and 8. 


All of the test concretes except concrete No. 8 contain boron and /196 
therefore produce a sharp attenuation of thermal neutron fluxes even when the 
concrete layer thickness is relatively small (5-10 cm). As the boron concen- 
tration is increased, the slope of the attenuation curves increases. A further 
increase in the layer thickness (10-0 cm) decreases the slope of the curves 
and in this region the flux of neutrons moderated in the concrete is weakened. 
When the concrete thickness is greater than 45 cm, the attenuation curves again 
undergo a sharp drop. It is obvious that from this boundary only the flux 
of neutrons which have been previously moderated is weakened. At this point 
there are no fast source neutrons. 
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No. of counts, relative units 
% 


$s 
~ 


") 10 20 ) $0 60 70 
Layer thickness, cm 


Figure 2. Attenuation of thermal neutron fluxes 
by concretes Nos. 5, 6 and 8. 


TABLE 3. ATTENUATION CROSS SECTIONS FOR THERMAL NEUTRONS (TN). 


PD ; Thick- Thick- 
ercentage pecs Percentage nese 
ee ene Error,|of at- Con- | of boron | Emu, Error,|of at- 
in tenuat- || CTete = -1| %  |tenuat- 
tne number] concrete | cm ine 
weight 
layer, layer, 
cm cm 
< 5 8 -- 0.0525 h | > 20 
> 10 9 3.44 0.354 15 < 5 
< 5 0.0277] 35 > 10 
> 1o 10 2.84 0.343 10 < 5 
< 5 0.0327} 22 > 20 
> 10 11 2.0 0.198 el < 5 
<5 0.034 35 > 20 
> 10 


Concrete No. 8 does not contain boron, and for this reason the curve has a 
maximum when the concrete layer is approximately 10 cm and then decreases 
uniformly. 


From the attenuation curves for fast neutrons we have determined the at- 
tenuation cross sections low? Bnoyn in table 3. 
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The attenuation of the y-radiation dose power by the concretes was mea- 
sured with a scintillation y-dosimeter without "hard operating" (ref. 5). The 
attenuation curves of y-radiation dose power by concretes Nos.3, h, 9, 10, 11 


and 12 are shown in figure 4. The source of y-radiation consisted of 06° with 
an activity of approximately 70 milligrams equivalent of Ra. Measurements were 
carried out using barrier geometry and a wide beam, 


The total attenuation cross section of the y-radiation dose power a for 


various concretes was determined from the attenuation curves. The Aaa of Z 
are shown in table }. Calculation was carried out using the straight section 
of the curves with an accuracy of the order of 2 percent. 


As was expected, the attenuation cross section for the y-radiation dose 
power increases with the volumetric weight of the concrete. Since measurements 
were carried out using "wide" geometry, the initial region of the attenuation 
curves for the dose is flat, due to the accumulation of the scattered 
y-radiation. This is followed by a linear steeper drop, and for concretes with 


approximately the same volumetric weight (2 metric tons/m? for concretes Nos. 3, 
9 and 11; approximately 2.5 metric tons/m? for concretes Nos.14,15, 16 and 20 


and 4.5 metric tons/m? for concretes No. 7 and 12) the behavior attenuation 
curves are the same, i.e., the y-radiation dose power decreases according to 


No. of counts, relative units 


0 i a a eT) 60 +70 
Layer thickness, cm 


Figure 3. Attenuation of y-radiation dose power by 
concretes Nos.3,4, 9, 10, 11 and 12. 
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TABLE 4}. ATTENUATION CROSS SECTIONS FOR THE DOSE POWER OF : Sisaaeica 


Conerete Volumetric weight, Ay l@endete volumetric weight, 
umber F 3 By os number ie on 
? metric tons/m metric ‘tons/m 
4.55 0.157 8 2.0 0.0887 
2.53 0.103 9 2.0 0.081 
2.53 0.097 LO 2.55 0.103 
2.6 0.103 11 2.05 0.078 
G5 0.164 | 12 4.40 0.146 


the same law. Light concretes attenuate y-radiation, primarily due to Compton 


scattering, because for energies of the 06° source y-quanta this process [198 
has a higher probability than the photoeffect or the formation of pairs. 
Therefore for these the slope of the attenuation curves increases for large 
thicknesses (50-60 em), because an ever-increasing quantity of y-quanta leave 
the flux due to scattering, and the basic contribution to the dose is given by 


hard nonscattered y-quanta. 


For concretes of average volumetric weight, the attenuation curves are 
rectilinear up to large thicknesses, whereas the curves for heavy concretes 
have an inflection at large thicknesses, which may be explained by the accumu- 
lation of "soft" y-quanta. 


These investigations show that heavy concretes serve as a more effective 
shielding from neutrons and y-radiation. Concretes with a magnesium additive 
have slightly increased shielding properties compared with concretes utilizing 
the Portland cement, when the density is the same. The introduction of boron 
compounds into the concretes produces a strong attenuation of thermal flux. 
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THE TRANSMISSION OF GAMMA-RADIATION THROUGH 
HETEROGENEOUS MEDIA 


D. L. Broder, Yu. P. Kayurin, A. A. Kutuzov 


Introduction 


The calculation of shielding from y-radiation requires the knowledge [198 
of one of the significant characteristics of a material--the buildup factor of 
y-radiation. For homogeneous media the buildup factor B (B., x, 2, g)isa 
function of the initial y-radiation energy Ey? the thickness of the material x, 


the atomic number of the substance z, as well as the form of the source g. By 
the present time, methods have been developed for computing buildup factors, and 
such buildup factors have been computed with sufficient accuracy for the majority 
of shielding materials over a wide range of material thicknesses and energies and 
for several forms of sources (ref. 1). However, the shielding which is used is 
usually heterogeneous, i. e., it consists of alternating layers of various mate- 
rials. The buildup factor of such a medium also depends on thé order in which 
the materials are placed, whereas its variation with EA? and with the thickness 


of materials comprising the heterogeneous mixture as well as their atomic numbers 
are more complex. It is practically impossible to use the method fof moments and 
compute the buildup factors for the entire diversity of such heterogeneous 
shieldings. 


References 1-3 contain certain recommendations based on general physical con- 
siderations resulting from the computation of buildup factors for heterogeneous 
shieldings consisting of two meterials. For example, when the energy of y-radi- 
ation does not reach the energy corresponding to the minimum of the y-radiation 
attenuation coefficient curve for any of the materials, it is recommended to take 
either the buildup factor for only the heavy material over the entire thickness 
(measured in terms of the mean free path), when the y-quanta pass through the 
layer of the heavy material after passing the layer of light material, or to 
take the derivative of the buildup factors when the order of layer position is 
reversed. Individual experiments (refs. 4 and 5) confirm these recommendations 
qualitatively. Reference 1 presents empirical equations for computing the build- 
up factor for a heterogeneous medium consisting of water and lead (for three mean 
free paths of each substance). In this case the lead plate was placed behind or 
in front of a water layer of the same thickness. For heterogeneous media con- 
sisting of three or more layers there are generally no recommendations for com- 
puting the buildup factors. 
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In the present work we made an experimental determination of the [199 
dose buildup factor for heterogeneous media consisting of various combinations of 
materials (polyethylene, aluminum, iron, lead), and for y~-quanta energies of 1.25, 
2.76 and approximately 6.4 MeV. The source of y-quanta with an energy of 1.25 MeV 


was C000 and the source with energy 2.76 MeV was Nae’, The reaction Fy (p, @) 
ot was used to obtain y-quanta of high energy (approximately 6.4 MeV). On the 


basis of experiments with C060 and on the basis of general physical considerations 
an empirical equation was obtained for computing buildup factors in a heterogeneous 
medium consisting of any number of layers of various materials. Experiments 


with Na2" ana with a y-ray source of energy of 6.4 MeV showed that this equation 
may be used even when the energies of the y-quanta exceed the critical energy. 
Basically the experimental buildup factors differ by not more than 15 percent from 
values computed by means of the given equation. 


Buildup Factors for Gamma-rays with an Energy of 1.25 MeV 


The experimental buildup factor for a shielding consisting of n layers of 
various materials and a point monoenergetic source with energy Ey are determined 
from the equation 


Ky 


D 3 
Bm aig OXP (> ptex,), (1) 
iri 


Eo 
where D.° is the dose behind the test shielding at a distance R; Do is the dose 
without the shielding at the same distance R; we is the total linear attenuation 


coefficient for y-rays with energy Ey for the material of the i-th layer in the 


"narrow beam" geometry; x. is the thickness of the i-th layer material. 


The experimental setup is shown in figure l. 
The co? source with an activity of approximately 1 g-equivalent Ra (average 
energy E, = 1.25 MeV) consists of a cylinder with a diameter of 6 mm and a height 


of 12 mm. 


The following shielding materials were investigated: polyethylene, aluminum, 
iron, lead and various combinations of these materials. All shielding blocks were 
assembled from plates with a thickness of approximately 10 mm. The dimensions of 
the iron and lead plates were 700 xX 70O mm, and those of polyethylene and alumi- 
num plates were 1000 x 1000 m. A plastic scintillator (tetraphenylbutadiene and 
polyvinyltoluene) with a diameter of 103 mm and a height of 180 mm served as the 
detector. The dosimetery of such a detector is shown in reference 6. The scin- 
tillator was connected to the FEU-24 photomultiplier by means of an optical 
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Figure 1. Experimental setup: 1, source; 2, contained; 
3, test materials; 4, lead screen; 5, optical waveguide 
and photomultiplier; 6, preamplifier; 7, photomultiplier 
power source; 8, amplifier; 9, scintillator detector. 


waveguide. The preamplifier and dc amplifier were based on the "Kaktus" type in- 
stallation, which made it possible to operate in the current mode. The photo- 
multiplier was powered by a high voltage stabilized VS-9 type rectifier. The 
source container was made of lead and had the form of a cylinder (with a [200 
diameter of 500 mm and a height of 500 mm) with a special slide plate and a 
moveable tube with the source. The lead screen around the detector was used to 
shield the detector from radiation scattered by the walls and the floor of the 
room. This radiation would introduce a large and undesirable contribution when 
taking measurements on shieldings of large thickness. The thickness of the screen 
was determined experimentally, and its dimensions were selected in such a way as 
not to disrupt the conditions of a “wide" beam. 


E, 

The magnitude of the dose without shielding Ds was measured as a function 
of distance under special conditions which eliminated the effect of scattered 
radiation. The linear attenuation coefficients for y-radiation in the test ma- 
terials were taken from reference 7. 


To check the experimental methodology, dose buildup factors for various media 
were measured in the "infinite" geometry: polyethylene, aluminum, iron. For the 
case of aluminum and iron the discrepancy between measured and theoretical data 
did not exceed 7 percent. The experimental buildup factors for polyethylene were 
compared with the theoretical accumulation factors for water. The values of the 
polyethylene buildup factor are greater by 10-12 percent than the buildup factors 
for water. 


Since the range of the measured doses was rather wide (1-10? relative units), 
several different degrees of instrument sensitivity were set and measurements were 
taken using different scales. To compute the buildup factor, the measured doses 
were reduced to a single scale and to a single sensitivity. Special measurements 
were made to "match" the scales. The error due to the matching of the scales and 
the normalization of sensitivity did not exceed + percent. The total 
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experimental error was + 10 percent (taking into account the inaccuracy asso- 
ciated with the measurement of test plate thicknesses). 


The following heterogeneous media were investigated. These consisted of two 
layers of materials of various thickness 


Pot + Pb; Pol + Fe; Fe + Pb 


(the heavy material follows the light material) and Pb + Pol; Fe + Pol; Pb + Fe 
(light material follows the heavy material). 


Of the materials used--polyethylene, aluminum, iron and lead--various heter- 
ogeneous mixtures were composed, including 3, 4, 5 and more layers. In mixtures 
consisting of the same material different material thicknesses were utilized. 


A comparison of experimental data with data computed, as recommended in 
references 1-3, showed that for the specified energy (approximately 1.25 MeV) 
and with thicknesses of 0.7-15 mean free paths the test materials have a place 
where the computed and measured doses differ by a factor of 2-4. For mixtures 
consisting of three or more layers of different materials there are generally no 
recommendations. The data of the experiments have shown that for such cases the 
buildup factor does not lie above the maximum or below the minimum buildup factors 
of homogeneous materials, comprising the heterogeneous mixture, which are taken 
to have the total thickness of the mixture in terms of the mean free path. For 
a@ more exact calculation of the buildup factors for a heterogeneous mixture 
Bix? an empirical formula of the following form was obtained on the basis of 
experimental work and on the basis of general physical considerations carried 
out in the present work: 


N n N n-i 
Bew= > Ba (> pixi)— > Ba ( > piri), (2) 
n=1 i=l n=2 i=t 
(cm = mixture) 


where N is the total number of layers (the layers accounted from the source); 


n 
Bo (s bx, ) is the buildup factor for the homogeneous material of the n-th 


layer taken for the corresponding thickness expressed in terms of the mean free 
path. 


In a particular case when the heterogeneous medium consists of three [201 
materials, for example, Fe + Pb + HAO with the corresponding thicknesses bX) > 


HX, and w » expressed in terms of the mean free path, equation (2) gives us 


2 3.3 


Bow = Bye (B1X1) 4° Bon (fyX4 + flee) — Bon (irs) -- 
+ Byo (pr%s + heX2 + taxa) — Biro (tye pve). 


y Bol = polyethylene. 
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where Bp, (4435) is the buildup factor for iron over the adopted thickness of the 
iron layer; Bop (u,*,) is the buildup factor for lead over the adopted thickness 
° + i 
of the iron layer; Bop (45) MX) is the buildup factor for lead taken over 
the total thickness of the iron layer and the lead layer; B (wx, + pox ) is 
0 Vi 22 


the buildup factor for water over the thickness of the layer where it is absent, 
i.e., over the thickness of the iron and lead layers; ®y,0 (44%, a bX + HX) 
is the buildup factor for water over the thickness of the entire mixture. 


In the same way, equation (2) may be written for other heterogeneous mix- 
tures consisting of any number of layers. 


The experimental values of the buildup factors for all investigated layers 
basically agree with values computed by means of the given equation, within the 
limits of experimental error. Some of the experimental results are shown as a 
graph for the variation of B(x) in figures 2-5. The buildup factors computed 
by means of equation (2) are shown by a solid line; the experimental values are 
shown by the corresponding points. 


Figure 2 shows the Pol + Pb case. Here the lead was gradually built up 
behind each of the polyethylene layers. As we can see from the graph Bay 
comes Closer to the buildup factor of lead as we increase the lead content and 
decrease the polyethylene content of the given mixture. Analogous results were 
obtained for Pol + Fe; Fe + Pol and Fe + Pb; Pb + Fe. Figure 3 shows the be- 
havior of the buildup factor for one of the heterogeneous mixtures consisting 
of six layers. 


071 23 6 § 6 7 % 9 1 1 12 19 4 5 px 


Figure 2, Dose buildup factors for mixtures of polyethylene 
and lead (E, = 1.25 MeV): 1, experimental data for polyeth- 


ylene thickness of yx = 0.671; 2, ux = 2.013; 3, px = 3.355; 
4, computed by equation (2). ° 
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Figures: and 5 show the case of a heterogeneous mixture consisting of a large 
number of thin recurring layers. As we can see from figure 4, for cases of this 
type the discrepancy between the experimental values and values obtained from 
equation (2) may exceed 30 percent, which apparently is explained by the small 
thickness of the layer. The empirical formula was not verified for layers less 
than ux = 0.7. 


It should be pointed out that when we use the method of Berger and Doggett 
to take into account the finite dimensions of the medium (ref. 8) (corrections 
are also presented in reference 3), we obtain results which are much closer to 
the experimental ones (figs. 3, 4 and 5). 


Further experiments were run to verify the applicability of equation (2) 
to higher energies of the y-radiation. 


Buildup Factors for Gamma-rays with an Energy of 2.76 MeV 
The setup, detector, and materials were the same as in the preceding ex- 


periment. The nae source consisted of a sphere with a diameter of 24 mm and 
a shell made of nickel with a thickness of 0.3 mm filled with compressed NaF 
powder. Only two basic lines were taken into account during the computations: 
2.76 and 1.38 MeV (intensity in the ratio 1:1). The absorption in the nickel 
shell and self-absorption of the source were not taken into account. The at- 
tenuation coefficients for y-radiation with energies of 2.76 and 1.38 MeV were 
also taken from reference 7. 


The dose produced by a source of this type De will be expressed in the 


following manner (when shielding is absent) 
Na (2.76 _1.38 

+ D 
0 0 Oo 2 


1.38 


2.76 : 
t is the dose produced by the 2.76 MeV line; D5 is the dose pro- 


where D 0 
duced by the 1.38 MeV line. 


The gamma constants for these lines are 11.9 and 7.15 R/hr, respectively, 
i.e., 


DEE 19 
Dest ~ 75 
Proceeding from these relationships, we obtain [204 


Di'7° -- 0,625D§, 
Di". 0.375D%*, 


12 fix 
Figure 3. Dose buildup factor for heterogeneous mixture 
consisting of six layers (Ey = 1.25 MeV): 1, Brix? 22 Com- 


pensated for finite dimensions of medium; 3, experimental 
data. 


Figure 4. Buildup factor for heterogeneous medium con- 
sisting of large number of layers (Eg = 1.25 MeV): 1, 


Bmix3 2s Baix With corrections; 3, experimental data. 
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10 ux 


Figure 5. Buildup factor for heterogeneous mixture ~ 
consisting of large number of layers (Ey = 1.25 MeV): 


1, Buix? 2, Bix with corrections; 3, experimental data. 


When a shielding is equal to 


n n 
DXa pan BED” exp ( = 2 pl*x;) + Be upre exp ( sy = p??6y,) : 
= t 


Consequently, 
n 
D¥*/DN*— 0.37584 exp (Y phx) 
2,76 arr 
Bs is fay oe he ‘———- . (3) 
0,625 exp (— > Be7"x,) 
i=1 


2.76 1.38 


Here BS and B.. are the buildup factors of the given heterogeneous mixture 


1.38 
for energies of 2.76 and 1.38 MeV, respectively. The values of B 3 for homo- 


38 
geneous mediawere taken from reference 1. For the heterogeneous media By 3 
were obtained by two methods: 


1.38 . C060 
was assumed to be identical to B and the results of the pre- 


£639 


ceding experiments were used to determine it, because B is close in value to 


60 
Boe (the average energy 0° 


(1) B 


= 1.25 MeV); 
(2) according to equation (2), verified for the eo? source, which must 


also be valid for the y-radiation of energy 1.38 MeV due to the monotonic vari- 
ation of the buildup factor with energy. 
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For control purposes, buildup factors for homogeneous media Pb, Fe and Al 
were measured under conditions close to "infinite" geometry. The discrepancy 
between experiment and theory does not exceed 10 percent. Table 1 shows the re- 
sults obtained from the investigation of the heterogeneous mixtures. The table 
lists the materials contained in the heterogeneous mixture (beginning with the 
source); the thickness of the ux layers in terms of the mean free path; Bax? 
experimental buildup factors averaged out over three readings; the values of 
Bnix computed by means of equation (2) utilizing data presented in reference 1; 


and quantity 5 showing the discrepancy between experimental and computed data. 


As we can see from the data, equation (2) may also be used for an [205 
energy of approximately 3 MeV; however, this energy is still not the critical 
one for any of the test materials, i.e., for the given materials none of the at- 
tenuation coefficients for y-radiation reaches a minimum value. The experiment 
was run to verify the applicability of equation (2) to heterogeneous mixtures 
in the region of quanta energies above 3 MeV. 


Buildup Factors of Gamma-rays with Energies of 6.4 MeV 
The FL? (p, @) oré reaction was used to obtain y-radiation of this type. 
The protons were accelerated by a linear accelerator up to the resonant energy 


(0.88 MeV) and were directed to the CaFp crystal, which had a form close to a 
sphere with a diameter of approximately 10 mm. 


TABLE 1. EXPERIMENTAL AND COMPUTED BULLDUP 
FACTORS FOR Ey = 2.76 MEV, 


ee - - ee et 1 


| 
Mixture wind Moxa | Moxa Bex Bnix 6 : 
areata! a -—-, | 
Pb + Al 2.266 6.75" | -_ 7.32 7.45, 1.745 : 
the same 4,493 3.000 _ 4,69 5.15 8.94 | 
» > 4.493 4.500 = 25-67 6.42 11.68 | 
» > 4,492 6.750 et 8.21 8.45 2.84 | 
» >» 7.271 1.500 _ 5.18 5.18 |—0.975 ! 
» >» 7.271 2.250) = 5.36 5.78 7.27! 
» » 7.271 3,000 pes 5.95 6.39 6.88 | 
Pb + Al + Fe 4,493 3.00 1.382 6.11 6.26 2.39 | 
Al + Pb 1.500 7.271 — 4.93 5.03 1.98 | 
\ She same 3.000 2.294 _ 3,71 4,03 7.01 
» > 3.000 4,503 a 4.64 5.02 7.57 | 
» > 3.000 7.271 a 5.89 6.43 8.40 | 
» » 4.500 4.047 _ 6.34 6.25 |—1.44 | 
» > 4.800 3.157 = 5.98 6.05 1.154 | 
» > 4,800 9.266 = 5.85 5.68 | —3.00 | 
» > 8.25 0.862 - 8.06 7.88 |!—2,28 

Al + Pb + Al 3.00 2.266 3,00 6.32 6.44 1,86 | 

Fe + Al 2.899 1.500 = .00 4.05 1,235 
Fe + Al + Pb 2.899 1.500 2.222 4.67 4.67 | 

| 


—-= 
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Figure 6. Dose buildup factors for homogeneous 
media (B. = 6.4 MeV) Al (a), Fe (b) and Pb (c): 


» computed data; O, experimental data. 


The computation took into account y-quanta of three basic energies, emitted 
in the process of the reaction: 6.13, 6.9 and 7.1 MeV with relative intensities 
of 0.76, 0.025 and 0.21, respectively. In this range of energies the buildup 
factor varies very little, and proceeding from the relative intensities we can 
utilize the average effective energy of 6.4 MeV. In the experiment the materials 
and detector of the preceding experiment were used. The experimental setups did 
not differ in principle; however, the dimensions and thickness of the protective 
screen were substantially increased in accordance with the utilized y-radiation 
energy and the conditions of the experiment. 


The experimental buildup factors were computed by means of equation (1). 
Since the number of protons falling on the target changes somewhat during the 
period of measurements, the integral of count during the period of time t was 
taken, referred to the integral count of the monitor placed at a definite distance 
from the target. Nevertheless, the instability of the source power reduced the 
accuracy of this experiment compared to that of the preceding experiment. The 
total experimental error was + 17 percent. Evaluations of formation intensity 
and the effectiveness of photoneutron detection showed that their contribution 
to the count should not exceed 0.01 percent. 


Since there are too few experimental results for the high energy region 
(even for homogeneous media), the measurement of buildup factors for y-quanta 
with energy 6.4 MeV was carried out in the present work for polyethylene, 
aluminum, iron and lead within the "barrier geometry." The theoretical values of 
buildup factors are taken from reference 1, corrected for the finite dimensions 
of the medium according to the method of Berger and Doggett (ref. 8). 
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Figure 7. Dose buildup factors for mixture of two materials 
(Eg = 6.4 MeV): 1, computed by means of equation (2); 2, ex- 
perimental data. 


Figure 8. Dose buildup factors for heterogeneous mixture 
of lead and iron (Ep = 6.4 MeV): 1, computed by means of 
equation (2); 2, experimental data for first case; 3, ex- 
perimental data for second case. 


The graphs in figure 6 show some of the measurement results for homoge- 
neous media. 


Some of the measurement results for heterogeneous media are shown in the 
graphs of figures 7, 8 and 9. These figures give the values of measured and 
computed (by means of equation (2)) buildup factors for y-quanta of energy of 
6.4 MeV in heterogeneous mixtures of Al, Fe and Pb. 


Conclusions 


The conducted experiments showed that the empirical equations (2) [207 
may be used successfully in computing the buildup factors of y-radiation with 
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Figure 9. Dose buildup factor for mixture of three 
materials (Ey = 6.4 MeV): 1, computed by means of 


equation (2); 2, experimental data. 


energies in the range of 1-6.5 MeV. There is no basis to assume that this 
equation will not be valid for higher radiation energies. For example, com- 
putation by means of this equation and computation by means of a special 

empirical equation for the case Pb + H,0 (ref. 1) differ by not more than 3 


percent for energies of 3 and 10 MeV (in each case, computations were carried 


out for nine combinations, i.e., the thickness of Pb and H,,0 were taken equal 


to 1, 2 and 3 mean free paths). Within the specified range of energies, com- 
putations by means of equation (2) agree with the experimental data obtained 
by other authors (refs. 4 and 5). The given equation was not verified for 
lower energies of y-radiation or for thicknesses greater than 15 mean free 
paths, 
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THE GAMMA-SPECTRUM OF THE EXPERIMENTAL REACTOR 


V. N. Avayev, Yu. A. Yegorov, I. Ya. Yemel'yanov, A. D. Zhirnov, 
Yu. V. Orlov and V. A. Remizov 


A scintillation spectrometer of the electron-positron pair (ref. 1) [207 
was used to measure the y-spectrum of an experimental water-moderated pool-type 
reactor. The gamma-quanta from the active zone of the reactor were directed to 
the spectrometer along the lateral experimental channel with a diameter of 
100 mm and a length of 2.5 m. To exclude the effect of y-quanta scattered in 
the channel, a lead collimator with a length of 180 mm and with a collimating 
opening diameter of 10 mm was placed in the channel. The spectrometer sensor 
was installed behind the concrete reactor shielding while the flux of y-quanta 
passed through a collimator of 260 mm in length made of paraffin with boron 
carbide and lead. 


The results of the measurements (the detailed y-spectrum) are shown in 
figure 1. Since the spectrometer is sensitive to neutrons, although to a 
rather insignificant degree, measurements were carried out under the same con- 
ditions with a bismuth filter with a thickness of 100 mm (fig. 1, curve 2) and 
a corresponding correction was introduced (ref. 2). 


To identify the reactor spectrum, the spectrometer was calibrated by mea- 


suring the y-spectra of nac# and Po + Be sources. The correction for the ef- 
fectiveness of the spectrometer depending on the energy of the y-quanta was 
introduced in accordance with data presented in reference 1. The results of 
measuring the y-spectra of TVR (ref. 3) and IRT (ref. 4) reactors as well as 
data in reference 5 were used to interpret the spectrum. 


The processed y-spectrum of the reactor is shown in figure 2 and in table 
1. The basic y-lines of the reactor's structural materials are isolated in the 
spectrum; of aluminum (the uranium elements are placed in aluminum shells and 
assembled in aluminum cartridges), of iron (tube of the slide plate) of chrome 
and of nickel (tube of the slide plate). The y-line with an energy of 2.2 MeV 
is clearly isolated (in our results the energy was 2.18 MeV). This line is due 
to the radiation capture of neutrons by hydrogen--H(,, | y))- Apparently the 


y-line with energy of 4.05 MeV may be attributed to U239 and represents the 
unresolved lines with energies of 4.065 and 3.987 MeV (refs. 3 and 5). A y-line 


with an energy of 4.63 MeV from u°39 was detected in reference 3. We were /208 


unable to detect this line, possibly due to its small intensity (approximately 
1 percent). The y-lines with energies of 2.53, 6.58 and 7.05 MeV were clearly 
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Energy of y-quanta, MeV 
2 3 4 5 6 7 8 


Number of pulses per channel, rel. units 


bee Galen ta: = K 
0 10 20 30 40 50 60 70 80 90 100 
Channel number 


Figure 1. Instrument y-spectrum of experimental water-moderated 
reactor (A) and neutron background (B). 


isolated in the spectrum. These lines were not detected in references 3 and 4. 
It is possible that they are due to false coincidences during leakage of only a 
Single annihilation y-quanta from the central crystal. 


Lines of 4,21 MeV (Fe, Ni, Al), of 4.75 MeV (Al, Cr, Fe) and of 6.8 MeV 
(AL, Ni) apparently represent adjoining unresolved y-lines with the following 
energies 


e, Ni) and 4.25 MeV (Al); 


4,2 (Fe, 
4,71 (Al) and 4.78 MeV (Fe, Cr); 
6.76 (Al) and 6.83 MeV (Ni). 


301 


Number of y-quanta, rel. units 


1 4 J 4 S 6 7 8 
Energy of y-quanta, MeV 


Figure 2, Gamma-spectrum of reactor. 


TABLE 1. GAMMA-SPECTRUM OF EXPERIMENTAL REACTOR.+ 


Source element 
of 
vy-radiation 


Source element 
of 
vY-radiation 


Energy of 
Y-quanta, 


Energy of 
Y-quanta, 


Number Number 


1 Al 
2 Al; Cr 
Cr; Fe 
3 Fe; Al 
: D (mn, y) Ts AL 
6 Al 
T Al; Ni 
8 Fe; Ni; Al ore 
9 Fe Fe 
10 Al? Fe 
11 Al; Cr; Fe 
12 Al; Cr 


1 


See figure l. 
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However, the basic contribution to the unresolved lines is made by the 
captured y-radiation from aluminun. 


We can see from figure 2 that the spectrum is accompanied by a substantial 


continuous distribution, which is due to the y-radiation accompanying the y239 
fission process and also due to the scattering of y-radiation in the active 
zone of the reactor and in water. 


The integral yield of y-radiation N per unit energy interval (1 MeV) [209 
is shown in figure 2. 


Comparing our results with data presented in references 3 and 4 we should 
note that the spectrum of the experimental water-moderated reactor is substan- 
tially softened, which apparently is explained by the multiple scattering of 
y-quanta in water. The reactor spectrum was measured approximately to 7.8 MeV 
(fig. 2). Gamma-lines with high energy were not detected; this is [210 
explained by the fact that in the region of high energies the y-radiation is 
basically due to the absorption of neutrons by iron, nickel and chromium. 

These elements are not present in the active zone of the reactor, and the output 
of y-radiation from the tube of the slide plate is small so that only an insig- 
nificant part of the captured y-quanta from the tube could fall into the sensor 
of the spectrometer. 


TABLE 2. INTEGRAL YIELD OF y-RADIATION N. 


Ey, MeV 2—3 | cet ee ee ee, ae | 6-7 | 7- 8 
| 
! 
| 


N, % 75 | 15 i 5 | 2,2 | 1,25 
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THE INCLINED INCIDENCE OF GAMMA-RAYS 


V. I. Kukhtevich and L. A. Trykov 


Introduction 


In the practice of designing biological shielding it is sometimes [210 
necessary to know the buildup dose factor when we have an inclined incidence of 
y-radiation. This problem has not been studied in detail to the present time. 
Only a few works have been published in the literature containing computed data 
and only one published work contains experimental data. 


Reference 1 uses the method of random tests to compute the attenuation of 
vy-radiation with energy Ep = 4 MeV in a lead barrier as a function of its 


thickness Wor and the radiation incidence angle at the front boundary of the 


barrier qa. Reference 2 presents the energy buildup factors obtained by the 
method of successive collisions for iron and lead barriers and which are sub- 
ject to a unidirectional radiation falling at an angle qa. Reference 3 presents 


experimental data on the inclined penetration of y-rays from Aul%, cs37, 960 
through a barrier of concrete, lead and polyethylene. The authors of reference 
3 have made a detailed study of barrier thickness falong the normal) of the 
order of 1 or more mean free paths for Oo” Saz2= 70. However, it is also of 
interest to consider the penetration of y-radiation with inclined incidence 
through shielding barriers of small thickness of the order of 1 mean free path 
(along the normal) and less. 


-In the present work we measured the dose D of y-rays from an infinite uni- 
60 
directional Co source behind the barrier shielding. 


The angle @ between the barrier  Piane and the direction of incidence of 
the y-quanta was varied from 0 to 80°. The following materials and their com- 
positions were used in the measurements: lead (r = 0.7, 0.8, 1.4, 2.75 em), 
plexiglas (r = 3, 8, 11, 14 cm) and composite barriers of lead (rc = 0.8 cm) and 
plexiglas (r = 8’ om), where r is the thickness of the shielding along the 
normal. 


In determining the dose buildup factor it was necessary to measure the 
dose Dp from the direct beam of y-quanta in addition to the attenuation value. 


By substituting D and Do into the equation Bp = D/Dy eH0™, it is possible {211 
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to compute the buildup dose factor Bp as a function of Wor and of the angle a. 


The penetration of y-quanta which were incident at an angle to the composite 
barriers from heavy and light components were also measured. In this case the 
light and heavy components were interchanged. 


The results were compared with published computed and experimental data 
(refs e 1-4) ° 


Experimental Setup 
The experimental setup is shown schematically in figure 1. 


0° y-ray source with an activity of approximately 1 Ci was used in the 
experiment. The diameter of the source was 5 mm, the length of the lead colli- 
mator was 300 mm and the diameter of the collimator could be varied from 6 to 
30 mm. It was established during the operation that collimators with a diam- 
eter of 6 and 8 mm were sufficient, which corresponded to angles B of 30' and 
50', respectively. The values of B were obtained experimentally. 

The conditions for the infinitely wide unidirectional beam of C09 y-rays 
was established experimentally. It was found that the minimum dimension of the 
Light component plate for 0 . a < 80° is sufficient when its length is 2m and 
its height is 1m (whena = O° the total collection of scattered Y-quanta was 
achieved when the beam diameter, designed for the shielding, was equal to 80 
em). Although it was possible to utilize shielding plates of smaller height 
for lead, the plates used in the experiment were of the same value. 


To control the value of the y-quanta angle of incidence a special rotating 
device was constructed for the shielding. With this device the test shielding 
on it could be secured, together with the detector and to change the Y-quanta 
beam incidence angle q from 0 to 90°. This device made it possible to set the 
angle q with an accuracy of +1 The detector consisted of anisotropic scin- 
tillation dose counter of y-quanta consisting of a stilbene crystal (with a 
diameter of 30 mm and a height of 15 mm) and the FEU-12B photomultiplier. 


The pulses from the cathode follower of the scintillation counter were fed 
to the "Siren'" type amplifier by means of an RK cable, and from the amplifier 


1 2 
On 20 x 
Aes SS 
LL a SO00CM. ~--. ~ .. 


Figure 1. Experimental setup: 1, source; 2, lead collimator; 
3, rotating device for barrier shielding; 4, detector. 
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they were fed to the pulse dose integrator. During the period of measurements 
the stilbene crystal was placed flush against the plane of the shielding, so 
that the detector measured the radiation flux. The stability and linearity of 
this detector was checked before the basic measurements and proved to be quite 
satisfactory (+ 5 percent). Measurements in the interval from 0.22 to 1 MeV 
were carried out to check the sensitivity of the detector as a function of 
energy using the method described in reference 5. The deviation from hard op- 
eration does not exceed 6 percent, which is within the root-mean-square mea- 
surement error. 


The Results and Measurement Errors 


The results of measuring the penetration of y-rays which fall at an angle 
on the test barrier shielding are shown on figures 2-4. 


Dose buildup factor 


0 05 7 15 < 


Thickness of lead barrier, wor 


Figure 2. Variation in dose buildup factor as function of lead 
barrier thickness along normal, in terms of mean free path 


for inclined incidence of 290 y-ray beam: 
tal data; ~—~——W— » computed data. 


» experimen- 
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Dose buildup factor 


Thickness of plexiglas barrier, Uor 


Figure 3. Variation. in dose buildup factor as function of 
plexiglas barrier thickness along normal in terms of mean 


free path for inclined incidence of C060 y-ray beam: ———, 
experimental data; — — —— — » computed data. 
Figures 2 and 3 present the results of measuring the dose buildup p23 * 


factor for y-rays with inclined incidence on a barrier shielding of lead and 
plexiglas, respectively. 


The dose buildup factor is determined from the equation Bp = eMor D/Dp; 
where Mo is the total absorption coefficient of co? y-rays in lead, en71; ris 


the thickness of the barrier shielding (along the normal), in cm; D, is the 


0 
dose of y-rays falling on the barrier, p; D is the dose of y-rays transmitted 
through the barrier, p. 


Figure } shows the results of measuring the composite barriers made up 
from heavy (lead) and light (plexiglas) components. 


The measurement errors computed as the root-mean-square errors are made up 
of the following components: 


(1) error in measuring the shielding thickness (this does not include the 
error in measuring the thickness due to the nonparallel nature of the incident 
beam of y-quanta; this error constitutes approximately 5 percent even when the 
angle B has a maximum value); 
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0 0 20 30 40 50 60 2% 8 q, deg 


Figure 4. Dose behind composite barrier (D) 
as function of angle a: 1, plexiglas behind 
lead; 2, plexiglas in front of lead. 


(2) fluctuation in the sensitivity of the dosimeter; 
(3) the statistical measurement error, 


The total errors constitute approximately 5-10 percent (we neglected the 
scattering of y-quanta at the source). We evaluated the back scattering of 
y-quanta from the preamplifier structures in the stilbene crystal. The maximum 
contribution to the measured dose (when a 2 60°) did not exceed 2 percent: 

This error was not introduced into the results. 


Discussion of Measurements 


The results obtained were compared with published computed and experimen- 
tal data. Figure 5 compares the buildup factor during the normal incidence of 
the radiation flux on lead barriers, obtained in the present work, with the 
results reported in reference 4. In reference 4 the energy buildup factors 
were computed by the method of moments with a normal incidence of radiation on 
the shielding barriers. 


The broken line in figure 3 represents the energy buildup factor during 
the transmission of y-rays through a barrier of water with normal incidence 
(ref. 4). The solid lines are drawn through experimental points for the dose 
buildup factor when y-rays are transmitted through a plexiglas barrier. The 
computed data for C0? are obtained by interpolation. The computed and exper- 
imental results agree well with each other. 
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Dose buildup factor 
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~ 


Thickness of lead barrier, Hor 


Figure 5. Variation in dose buildup factor as 
function of lead barrier thickness (normal in- 


cidence of 0° y-rays): @, experimental 
points; O, computed points. 


The results of measuring the inclined y-rays incidence on lead barriers 
are compared with the data of computational work (ref. 2) (see fig. 2). Al- 
though the discrepancy is of a systematic nature, it nevertheless falls within 
the range of experimental and computational errors. A comparison with the re- 
sults of experimental work reported in reference 3 showed that the data ob- 
tained by the authors of the present work agree with these results within 10 
percent. 


In comparing the obtained experimental data with results reported en 
in reference 3, we observe that the results agree for the light and heavy com- 
ponent during the normal incidence of the y-quanta beam; the agreement is not 


quite as good for the inclined incidence of 0°? v-rays on a lead barrier with 
a2 50. The maximum discrepancy is observed for small thicknesses of lead 
barriers. Reference 3 does not have any data on the inclined incidence of 


y-radiation on polyethylene for 60°? 
We can see from the data obtained that in order to compute the dose build- 


60 vY-rays through a barrier at angles 


up factor during the transmission of Co 
as 60° and mean free paths = 1 it is entirely feasible to use the equation 
D= DoBp' e7Hor' | where Uo is the total absorption coefficient, in ent, 

rts r/cos a; r is the shielding thickness along the normal; Bn is the buildup 


dose factor taken for barrier thickness r' when the incident radiation is 
normal. 


For a light component of low energy when the mean free paths are approxi- 


mately equal to 1 and when a> 60 the buildup factor B', taken for barrier 
geometry during the normal incidence of y-quanta beam on it, will have a slight- 
ly high value. From the results of measuring the composite barriers we can 
conclude (fig. 4) that when the light and heavy components are interchanged 
(with mean free paths approximately equal to 1) no substantial variations are 
observed. 
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INVESTIGATION OF THE SPECTRAL AND ANGULAR DISTRIBUTION OF GAMMA-RAYS 
AFTER TRANSMISSION THROUGH SHIELDING BARRIERS 


A. V. Larichev 


References 1-6 are devoted to the investigation of spectral and y214 
angular distribution of scattered y-rays. The basic geometries in these refer- 
ences were a point isotropic source (refs. 1 and 2) or a plane unidirectional 
source with a homogeneous shielding medium (refs. 3-6). 


The investigations described in the present work were carried out for [215 
the purpose of obtaining additional data, i.e., for other energies of the pri- 
mary y-rays. In addition, homogeneous shielding barriers consisting of two 
layers of materials with different atomic numbers were investigated. The layer 
thicknesses, expressed in terms of the mean free path, were selected so that 


they were equal (4) = MX). 


The experiments were conducted using a setup described in reference 7. 
The experimental technique was analogous to the one considered in references } 
and 6. The experimental results were processed by means of an inverse matrix 
for the spectrometer sensitivity function (ref. 8). Sources of y-rays con- 


sisted of Ay 0° and na", Shielding barriers made of lead, iron, aluminum 
and a combination of two materials were used. The experiments were conducted 
using sources of two geometries: a point isotropic source and a plane unidirec- 


tional source. For the case of a point source (co) and homogeneous barriers, 
the angular and energy distributions of scattered y-rays obtained by us were in 
qualitative agreement with the results reported in references 1l and 2. 


In cases of plane unidirectional Ant 98 and na@4 sources results with qual- 
itative similarity were obtained for the angular variation of scattered radia- 
tion intensity per unit solid angle as in the case of the 0° source reported 
in references 4-6. Figure 1 shows the variation in the logarithm of the scat- 
tered radiation intensity per unit solid angle (with corresponding normaliza- 


tion) as a function of the scattering angle ® for mt ® and C0? v-rays when the 
source is plane and unidirectional (material Pb, lox = 6). The experimental 
points fall quite well on straight lines (in this case the lines are parallel to 
each other), i.e., the angular variation of the scattered radiation intensity may 
be expressed by means of the following relationship 
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1 (8) = Ae-®/®, (1) 


where A and ® are constants. 


We can see from the results of reference 5 that the slope of straight lines, 
analogous to the straight lines in figure 1, is practically the same for various 
thicknesses of the same material. This shows that the constant @ does not de- 


pend on the barrier thickness. The energy relationship of 8 values for various 


materials is shown in figure 2. We can see that within the limits of experi- 
mental error the constant @ for lead does not depend on the energy of primary 


y-rays (fig. 1). It is obvious that in this case the constant A is proportional 
to the energy buildup factor. 


It can be shown that for a plane unidirectional source [216 
oz 1 Shi * 
Be—l=kA as (toes eae, (2) 


where Ba is the energy buildup factor; k is the normalizing constant. Expression 
(2) makes it possible to determine any of the following three quantities from 
known quantities: A, ®, or BR. 


Investigations with double layer barriers have shown that there is a dif- 
ference in the intensity of scattered radiation when the order of layer position 
in the barrier is changed. The variation of the scattered radiation intensity 
logarithm I (@) in a double layer barrier for two source geometries with an ini- 
tial energy of 0.411 MeV is shown in figure 3. We can see from the figure that 
for a plane unidirectional source (curves 3, 4) the law expressed by (1) is re- 
tained in the case of a double layer shielding, but the slope of the logarithmic 
lines changes when the order of layer position is changed (the thickness of each 
investigated material layer was taken equal to 3 mean free paths). For a point 
source (curves 1, 2) relationship obtained in reference 2 is satisfied rather 


than the law given by (1), 
Jo = 2x sin Od9 | (0) = ae—9/%, (3) 
Figure 4 shows the angular variation in the relative difference AI(®)/Ip 
0) 
(Ip is the intensity of the nonscattered radiation), when the grouping order of 
the layers is changed. Although for a plane unidirectional source the difference 


in intensity is almost independent of the angle ®, it has a maximum value at small 
angles for the point source. 
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Figure 1. Exponential 
drop in intensity of 
scattered radiation 
per unit solid angle 
for various y-quanta 
energies. 


én (FEL. 163) 


“20 JO 40 50 60 8, deg 
Figure 3. Intensity of ra- 
diation scattered in double 


layer barrier for point (1, 
2) and plane (3, 4) source. 


0 ! 2 fy, MeV 
Figure 2, Variation in 


exponent @° as function 


of y-quanta energy Ey 


for different materials. 


Figure 4. Angular variation of 
relative difference in intensity 
of scattered radiation when order 
of layer grouping is changed in 
double layer barrier, for two 


1 

Au 8 source geometries: 1, 
point isotropic source; 2, plane 
unidirectional source. 
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Figure 5. Variation in dif- 
ference of buildup factors 
(B,-B5) as function of total 


double layer barrier thick- 
ness wx for initial y-ray 
energies, with different bar- 
rier composition. 


The variation in the difference of the energy buildup factors as a function 


of the total barrier thickness for two initial y-rays energies is shown in figure 
5. We can see that the difference in the buildup factors decreases as [217 
the average atomic number of the composite barrier increases and as the energy 
of y-rays increases. For y-rays with an energy of 2.76 MeV (Na2+) we obtained 

a difference whose value does not depart from the limits of experimental error 

(+ 10 percent). Qualitatively the same result is obtained in approximate 
calculations. 
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FIELD DOSES AND THE ANGULAR DISTRIBUTION OF 
GAMMA-~RADIATION FROM THE SURFACE OF ISOTROPIC 
SOURCES AT THE BOUNDARY SEPARATING TWO MEDIA 


L. P. Kimel' 


In computing the field doses from the surface isotropic sources at [217 
points lying in the source plane at some distance from its edge, it is necessary 
to take into account the presence of the boundary separating two media (for ex- 
ample, earth-air). The presence of the separation boundary does not make it 
possible to apply directly the known buildup factors computed for homogeneous 
infinite media, but it requires corrections in the computational equations which 
take into account the special features associated with the propagation of scat- 
tered y-radiation in nonhomogeneous media. 


In the general case, when the media differ radically in their atomic number 
and density, the determination of such a correction is rather difficult: it is 
only possible to make an experimental determination or to carry out computations 
using the method of random tests. The correction factor K for various conditions 
has been determined in references 1-3. However, none of these works presents an 
analytical expression for K. Meanwhile, in order to develop a computational 
equation for the boundary between two media produced by an extended surface source 
it is necessary to have an analytical expression for the correction factor per- 
taining to a point source. In the case when the heterogeneous media are close 
in their atomic number, but differ in density, some simplification of the der- 
ivation is possible. As a result of this simplification it is possible to ob- 
tain an analytical expression for the correction factor, and the value of K 
computed by means of this expression agrees satisfactorily with data presented 
in references 1-3. 


Let us consider a point isotropic source lying on the surface of the earth 
and let us determine the dose at the boundaries separating the earth and the air. 
The earth (medium 2) and air (medium 1) may be looked upon as media with close 
atomic number,! but with a different density (95 >> 01). 


Since the atomic numbers are close and since the basic process of [218 
Y-quanta interaction with material in the energy range of 0.3-3.0 MeV is a 
Compton scattering process, it follows that 


B, (141) = B, (JteX2), 


1 
The media water-earth and water-air may also be considered to be close in atomic 
numbers, ; 
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if 
Havs — PaN 2, 


where B is the buildup factor for infinite homogeneous media; Xz» Xp is the 
distance from the source to the test point in media 1 and 2, respectively; ca 


and H, are the linear attenuation coefficients in media 1 and 2, respectively. 


Let us assume that medium 2 is absent and that the source is in an in- 
finite medium 1. Then the dose at some point A, which is at a distance x from 
the source, may be determined from the expression 


Diya as Dj yo eTlr ys, (4X) Diya eT hit iD, bee 


where D is the dose at the same point A from a point isotropic source sit- 


1, A 


uated in the infinite medium 1; Dy 0 
3 


mary radiation without taking into account attenuation; Dd p is the dose at 
3 


is the dose at the point A due to the pri- 


point, A from the secondary scattered radiation. It is easy to obtain the fol- 
lowing expression 


Dip=Dijew 1B, (yx) — 1. 


If we now assume that the lower semispace is a vacuum or an absolute black- 
body, the dose from radiation which has been scattered only in the upper semi- 
space will be one half of the total dose produced by the scattered radiation. 
Consequently , 


Diy» =a AD, yo MH (By (puyx) — LY. 
In this consideration we do not take into account the variation in the dose 
due to radiation which moves back and forth between the upper and the lower semzi- 


space. However, the variation in the dose due to this effect is small. 


By carrying out the same reasoning we obtain the dose from radiation which 
is scattered only in the lower semispace, 


DY? = | Dog e~"#* [Bz (yx) — 1]. 


The total dose at the considered point A from a point source lying at the 
boundary between the earth and air consists of the sum of doses due to direct 
nonscattered radiation, attenuated in medium 1, and the scattered radiation from 
media 1 and 2. 
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The correction factor K is determined as the ratio of the dose when two 
media are present to the dose at the same point in a homogeneous infinite media 


a 


] Sie 
Dy, 007 Beppo [By (1) = Hey Da, 0H [Bp (a8) — 


= a 
Tf Dy io = Da os then 


} 
1-5 By (Wx) 


aa fon ieee ie ge) 2 
By (ux) La: “WSR, (ux) 
Let us consider a specific case: 
(1) x is small, i.e., pj*le0, eH =1, B(x) = 1. dy 
1 


K = 14-07 [Bs (thax) — 1], 


As we can see, at very close distances from source, K>1, i.e., the dose 
increases due to the entry of radiation scattered in medium 2 into the detector. 


(2) x is large, i.e., ane 2G 
i (2) 


; Ve-o- (Bs (Hix) — 1] 
aay 

We note that expression (2) is applicable when the distances between [219 
the source and the detector are greater than 0.5m. When 


Pyx—> co 3, (j4yx) o> 1 and 


K="a, 


i.e., at large distances the dose at the boundary of separation is two times less 
than the dose at the same point in a homogeneous infinite medium. 


The values of correction factors computed by means of expressions (1) and 
(2) agree well with data presented in references 1-3. 


By taking into account the correction factor, the dose power from a point 
isotropic source lying on the boundary separating the two media at points which 
are also situated on the separation boundary, but are at a distance of approx- 
imately 0.5 meters from the source, may be described by the expression 


Paya MP 6 mB 4x) — 1, 
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where My is the activity in gamma-equivalents of radium. If we know the analyt- 
ical expression for the dose power from a point source, taking into account the 
boundary condition, we can integrate over the surface of the source and obtain 
the dose power value for extended isotropic sources at the boundary separating 
the two media. 


In addition to knowing the total dose, it is also important to know the 
angular energy distribution at the detection point. It is shown in reference 
4 that the experimental data presented in reference 5 on the angular distribution 
may be expressed by empirical equations (for a given distance between the source 
and detector) 


8(8)= — 9% _ 100 axe 


1.035 - cos ¢ 


(cmep= sr = steradians) 
for 3 from 7.5 to 90° and 

5 (0) = 0.032-100 sr7t 
for 3 from 90 to 180°, 


where 6 (#) is the contribution to the dose (in percent of radiation passing 
within the limits of one solid angle in the direction 3); 3 is the angle between 
the lines which join the source and the detector and a selected direction. 


We have established that the expression of the form 


a 


3 (9) = rigs cose ? (3) 


when the coefficient a is properly selected, gives a good description of the 
angular radiation dose distribution for arbitrary distances and energies. Within 
an accuracy which is sufficient for practical computations, it may be assumed that 
the angular distribution of the dose in the limits from 90 to 180° (rear semispace) 
does not depend on the angle and is given by equation (3) when #% = 90°. It fol- 
lows from this that if the contribution to the dose from the rear semispace is 
known, we can determine the coefficient a 


a= 1,035 8590. (4) 


The contribution to the dose by the energy scattered behind the semispace 
will be determined as a quantity proportional to the difference of the buildup 
factors associated with infinite geometry and with barrier geometry (without 
taking into account the multiple transmission of y-radiation between the rear 
space and the front space). Consequently, 
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(=O) 1B (x, co 1) (5) 


So=o0r = 2x8 (x, 00) 
Here C is a correction factor for determining the buildup factor in [220 
barrier geometry (ref. 6) 
C= Bix, x)—-1 


~ B(x, co)—1? 


where B (x, x) is the buildup factor for a barrier of thickness x at depth x; 
B (x, ©) is the buildup factor for an infinite medium at depth x. Substituting 


(4) into expression (5), we obtain 


gg ex 11035 (1—C) [B (x, 00) — 3] 
a 2aB(x, oo) 


Consequently the angular distribution may be written in the following final 
form 


1.035 (1--C) [B (x, 00) -1] 


8 (9) = 9545 (2, Go} (1035-608 8) * (6) 


The angular distributions computed by means of equation (6) agreed well with 
experimental values for 60 (ref. 5) and Ayl98 (ref. 7) and with data obtained 
by the method of random tests for hvp = 1 MeV (ref. 8). If we know the expres- 
sion for the angular distribution of the dose from a point isotropic source, we 
can use numerical integration to obtain the angular distribution from extended 
surface sources, 


This work was carried out under the direction of Professor 0. I. Leypunskiy, 
to whom the author expresses his sincere gratitude. 
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THE THREE-DIMENSIONAL DISTRIBUTION OF SCATTERED ENERGY 
FROM A POINT UNIDIRECTIONAL SOURCE 


L. P. Kimel' and O. I. Leypunskiy 


A point unidirectional source is of interest, because its geometry [220 
provides the initial basis for investigating the scattering of y-radiation from 
sources with any angular distribution. Such sources of y-radiation as a point 
isotropic source, a plane unidirectional source, sources with angular distribu- 


tion according to the law cos"@ and others may be considered to be made up of 
point unidirectional sources. Data on the scattering and absorption of 
y-radiation in media from sources with arbitrary angular distribution may be 
obtained by superposing data on scattering and absorption for point unidirec- 
tional sources. 


The problem of the three-dimensional distribution of scattered y-radiation 
from a point unidirectional source is considered theoretically in only one work 
(ref. 1), which presents a method of solving the kinetic equation for a point 
unidirectional source. The numerical solution of the equations obtained re- 
quires a great deal of computations on high-speed electronic computers and has 
not been carried out to date. We investigated experimentally the three- 
dimensional distribution of scattered y-radiation from a point unidirectional 


source. 


In the future (for the sake of brevity) the three-dimensional distribution 
of y-radiation from a point unidirectional source will be called "the expansion 


of a narrow beam." 


Experimental Setup and Measurement Methods 


"The expansion of a narrow beam" was investigated in a water phantom /221 
with dimensions of 90 xX 90 X 90 cm. A strongly collimated beam of y-quanta was 
directed perpendicular to the front wall of the phantom and entered the water 
at a point 45 cm from the edges of the phantom. The radiation source consisted 


of csi 37 with an activity of 0.43 g-equiv of Ra. In water Io = 0.083 cem™1, 


when hvy 


water with a thickness of approximately 4 mean paths of the primary y-radiation. 


= 0.7 MeV, and consequently the beam of y-quanta was surrounded by 
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The thickness of the water layer in the direction of the beam was greater than 
seven mean free paths. 


When the scattered energy at points 45 cm away from the axis of the beam 
is measured (measurements at the boundary of the phantom), the error due to the 
finite size of the phantom may be quite substantial. On the other hand, at 
points which are situated closer to the axis and are approximately 10 cm from 
the edge of the phantom, the error due to the finite dimensions of the volume 
will apparently be negligibly small. This is clear from the following. The 
scattered radiation which arrives at the detection point from layer 3 (fig. 1) 
may be looked upon as the back-scattered y-radiation with respect to the radia- 
tion incident on layer 3 from layer 2. The back scattering is characterized by 
the value of the albedo. It is known that the value of the albedo for a spe- 
cific energy, reflection material and angle of incidence for the y-quanta is a 
function only of the reflector thickness. 


Table 1 shows the values of B(O, x)-1/B(0, »)-1, characterizing the amount 
of radiation reflected from a barrier of finite thickness B(O, x), normalized 
with respect to the radiation reflected from a barrier of infinite thickness 
B(O, ) (ref. 2). 


We can see from table 1 that for an initial energy of 0.66 MeV and with a 
normal incidence of the y-quanta, the albedo for a mean free path of unity is 
less than the albedo from an infinite layer by only 12 percent. In our case 
the energy of the scattered radiation is substantially less than 0.66 MeV, and 
the scattered radiation falls on layer 3 at various angles from 0 to n/2. 
Consequently, when measurements are made at points which are not less than 
10 cm from the edge of the phantom, the phantom may be looked upon as an in- 
finite volume. 


Figure 1. Geometry of experiment. 
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TABLE 1. THE QUANTITY B(O, x)-1/B(0, )-1 FOR WATER AND y-QUANTA 
WITH AN ENERGY OF 0.66 MeV AS A FUNCTION OF ANGLE ©. 


Barrier thickness in terms of the mean 
free paths, Hox 


The radiation detector consisted of a STS-5 halogen counter with filters 
(ref. 3). A scintillation detector incorporating an organic crystal of spheri- 
cal form and with a diameter of 10 mm was used for measurements in the direct 
beam together with a miniature SI-2BG counter. The readings of these de- [222 
tectors were normalized according to the readings of the halogen counter. The 
detector was fixed in a holder and could be displaced to any point in the 
volume of the phantom. The direction of the beam axis was determined in ad- 
vance. Measurements were made at points lying in a plane normal to the beam 
axis at distances of 6, 12, 18, 24, 30 and 36 cm from the source along the beam 
and at distances of 5, 7, 10, 15, 20 and 430 cm from the axis of the beam. 


When curves were read for the distribution of scattered energy it was 
noted that the form of the curve depends appreciably on the diameter of the 
collimator and on the geometric angle of beam expansion. Figures 2 and 4 show 
the ratio of detector readings in beams at distances of 0.5 Hox and 2 box from 


Figure 2. Ratio of detector readings as 
function of collimator diameter for var- 


ious angles @ (cst37 source): ——————, 
h=12 em; ------ » h = 18 em. 


40 


Figure 4. Ratio of detector readings as function of angle 9 
for different collimator diameters (h = 12 cm). 


the beam axis as a function collimator diameter D and the geometric angle @. 
This ratio increases with the collimator diameter and with the expansion angle. 
The nature of this increase becomes clear if we note that for large collimator 
diameters the points lying close to the axis are subject to radiation scattered 
in the collimator as well as to radiation scattered in water. The portion of 
energy which is scattered in the collimator and arrives at the detection point 
increases with the diameter of the collimating hole and the geometric beam ex- 
pansion angle. At a detection point which is far removed from the beam axis 
(more than 2 Mo)» the radiation which is scattered in the collimator does not 


fall on the detector. As a result of this the ratio of detector reading at 
points close to the beam axis increases with the diameter of the collimating 
opening. From the graphs presented it is clear that the effect of radiation 
scattered in the collimator will be small when the diameter of the collimator 
opening is less than 1 cm and when the beam expansion angle is less than i age 
Therefore, all of the measurements on the "expansion of a narrow beam" 22 
were carried out with a collimator having an opening diameter of 5 mm and a 
geometric expansion of 50' (the collimator cut out a beam with a solid angle of 


2.4 x 107? sr). 


Measurement Results 

Figure 4 shows the results of measuring the distribution of y-radiation 
scattered in water from a point unidirectional source. The experiment was car- 
ried out using an entry window diameter of 5 mm and a collimation angle of @ = 


50'. The curves were recomputed for l car Two regions are clearly defined in 
the graph showing the distribution of scattered radiation: the initial region, 
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Figure }. Distribution of y-radiation scattered in water 


from point unidirectional cst 37 source: -————, exper- 
imental value; -~----- » computed values. 


characterized by a sharp drop in the y-radiation flux, and a region of rela- 
tively smooth variation in flux with distance. The sharp drop in the flux /224 
along the first region is explained by the fact that as we move away from the 
axis of the beam the detector leaves the beam and records only the scattered 
radiation. The attenuation of the primary radiation along the beam axis takes 
place according to an exponential law. 
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It is interesting to obtain an analytic expression for the distribution of 
energy scattered from a point unidirectional source. We can propose the follow- 
ing method for deriving such an expression. 


In reference } an infinite extended unidirectional source of y-quanta and a 
point detector are represented by an equivalent point unidirectional beam and 
an infinite detector. For a plane unidirectional beam we can write 


E = Eye Hh 2- Eye = Ego-¥"B, (1) 
(pac = seat = scattered) 


where E is the energy at the considered point in Mev/ cm’; B is a buildup factor 
(of energy) for a plane unidirectional source; h is the distance along the beam 


axis in cm; E is the scattered energy at the considered point in Mev/cm°. 


scat 


Proceeding from the equivalence noted above, the value of the energy E cat 
may be obtained by integration over an infinite plane of scattered energy dis- 
tribution from a point unidirectional source 


Epac-= ( CL (a, jx) ds, (2) 


Pa) 


where L (a, yx) is the distribution function for the scattered energy over a 
plane situated at a depth h perpendicular to the incident flux of y-quanta for 
a point unidirectional source; C, @ are constants which must be determined; ds 
is an element of the surface. 


From experimental curves for the distribution of scattered radiation we 
can see that L(a, wx) must be an exponential function or a similar function. A 
more detailed analysis of the distribution curves shows that the function 
L(a, ux) is the King function. 


We write the constant C in the form C = Tee" where T is a new constant 
which is independent of x and whose dimensions are Mev/cm>. 
In a polar system of coordinates ds = 2nxdx, where x is the distance from 


the beam axis to the considered point. We rewrite expression (1) in the fol- 
lowing form 


Eye-voh + 2 ( TE ,e-¥"D (a, px) x dx = Ege-"o"B, (3) 
a 
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where (a, px) is the King function. 
Solving equation (3) with respect to Q@, we obtain 


2nT 


e= VY 3(B—)p° 


ay constant T is selected so that it is equal to (from experimental 
curves 


T = php?. 


Then @ assumes the form 


~ 2aph 


a= Vie 


Finally, if the energy of the point unidirectional source is equal to 
E MeV/sec, the distribution of the scattered radiation from a point unidirec- 
tional source is described by the expression 


Figure 4 shows the values of EScat Computed by means of equation (4). /225 


The discrepancy between computed and experimental values does not exceed 10 
percent. The distribution of scattered energy computed by means of equation (4) 


coineides with the distribution obtained experimentally for co (ref. 5), if 
in the latter we take into account the radiation scattered in the collimator. 


The analytical expression for the three-dimensional distribution of 
scattered radiation from a point unidirectional source makes it possible to de- 
termine the buildup factor for a point isotropic source. In this case the 
point isotropic source is considered as consisting of individual "narrow beams." 


A calculation is carried out according to the following scheme. The con- 
tribution of the scattered radiation at point A (fig. 5) from y-radiation is 


determined over the solid angle dQ under the angle ©. This contribution is de- 
termined from the expression 


dE pac (8) = fo, p ph (8) Da, px (O)] eH) dQ. (5) 
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hemisphere 


hemisphere | 


Figure 5. Computation diagram. 


The total quantity of scattered energy arriving at point A from the upper 
semispace is obtained by integrating expression (5) over the solid angle @r. 


The total energy recorded at point A by a spherical isotropic detector of 
unit cross section, is equal to 


E,= £4 \ dE vac (0) d+ f ( dE pac (9) dQ, 


= anni 
Q=2x Q=2n 
(1 = t = total) 


where f is a coefficient which takes into account the portion of scattered en- 
ergy arriving at the point from the lower semispace; for small values of ph, 
coefficient f is numerically equal to the albedo of the y-radiation from a 
point isotropic source lying on the surface of the reflector; for wh = 2, 
f=0. 


The buildup factor is the ratio of the total energy recorded at point A to 


oad 3 
the energy of primary radiation, B=E, Lae Noting that h (@) = h cos © 
and x (@) = h sin @, we obtain a final computational equation for the buildup 
factor from a point ‘isotropic source 


1/2 


Bi=1+(1+f) 2new* (uh)? | e-wreos ep (a, wx sin 8) sin @ cos 6 d8. (6) 
0 


Table 2 presents the energy buildup factors for water and for point iso- 
tropic sources with y-quanta energies of 0.7 and 1.25 MeV, computed by means of 
equation (6) and obtained by extrapolating and interpolating the buildup /226 
factors taken from reference 6. 
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TABLE 2. ENERGY BUILDUP FACTORS IN WATER FOR A POINT ISOTROPIC SOURCE. 
hvp = 0.7 MeV hvp = 1.25 MeV 

Computations with Data from Computations with Data from 

equation 6 reference 6 equation 6 reference 6 


As we can see, the discrepancy in the results computed by means of equa-’ 


tion (6) and the interpolated data from reference 6 does not exceed 10 percent, 
which is within the accuracy associated with the determination of buildup fac- 
tors in reference 6. 


The coincidence of buildup factors computed by means of equation (6) with 


buildup factors determined in reference 6 makes it possible for us to assume 
that the derived expression (4) gives a corrected description of the three- 
dimensional distribution of scattered energy from a point unidirectional source. 
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THE DIFFERENCE IN THE SPECTRA OF GAMMA-RAYS 
DURING RADIATION CAPTURE OF THERMAL NEUTRONS 
AND OF NEUTRONS WITH THE REACTOR SPECTRUM 


A. T. Bakov, S. P. Belov, Yu. A. Kazanskiy and V. I. Popov 


References 1-3 present the results of investigating the spectra of [226 
y-rays during the radiation capture of resonance neutrons. It is pointed out in 
these works that the spectrum obtained differs from spectra observed during the 
radiation capture of thermal neutrons. From the standpoint of computing shield- 
ing, when taking into account the captured y-radiation, it is of interest to 
establish the variation in the spectrum of y-rays during radiation capture as a 
function of neutron energy. 


The present work presents the results of investigating the spectra of y- 
rays associated with the radiation capture of neutrons having the uranium-water 
reactor spectrum of zero power and filtered by boron carbide with a thickness 
of 4 cm (a density of 1.2 g/cm3). The y-ray detector consisted of a single 
crystal scintillation spectrometer with a NaJ (T1) crystal having a diameter 
of 40 mm and a height of 40 mm. The pulses were analyzed by a 128-channel am- 
plitude analyzer (ref. 4). Evaluations showed that the spectrum of outgoing 
neutrons has a sharp drop below neutron energy of 100 eV. Above an energy of 
2-3 MeV it is practically identical to the fission spectrum. For this neutron 
spectrum the capture in test materials (iron and nickel) takes place primarily 
in the region of energies above 100 keV (iron 60 percent, nickel 70 percent). 


The basic difficulty associated with measuring the y-ray spectrum of ra- 
diation capture by neutrons with the reactor spectrum is due to the background 
y-rays which leave the reactor and the background formed when neutrons are 
captured in the iodine of the detector itself. In order to reduce the back- 
ground a layer of bismuth with a thickness of 9 cm was placed over the carbide- 
boron filter, followed by a layer of lead with a thickness of 8 cm and another 
layer of bismuth with a thickness of 8.5 cm. Iron and nickel samples (40 xX 40 x 


2 a) were placed on the bismuth and a neutron shield consisting of a mixture 

of plexiglas and boron carbide was placed over them (fig. 1). The y-ray de- 
tector shielded with boron carbide was surrounded by a bismuth shield with a 
thickness of } cm. When the background radiation was measured, the iron and 
nickel samples were replaced with a lead sample whose area was equal to the area 
of the test samples, while its thickness was selected to provide for an equivalent 
attenuation of y-rays with an energy of approximately 5 MeV. 
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Figure 1. Schematic representation of 
experimental set for measuring the y- 
rays during radiation capture of neu- 
trons with reactor spectrum: 1, active 
zone of reactor; 2, lead shielding; 3, 
4, 5 and 6, neutron shielding consist- 
ing of paraffin, plexiglas and boron 
carbide; 7, sodium iodide crystal; 8, 
bismuth shielding for detector; 9, test 
sample; 10, bismuth shielding for re- 
actor; 11, boron carbide shielding. 


Figure 2 shows the equipment spectra of amplitudes measured with [227 
iron and nickel samples and the background radiation measured with the lead 
sample. The measurements made with the lead sample and without the sample showed 
that in the region of y-ray energies above 5 MeV there is a small number of pulses 
(approximately 5 percent of the background radiation), which are due to the cap- 
ture of neutrons in lead, whereas for energies below 5 MeV the amplitude spectra 
measured without the sample have a larger number of pulses compared with meas- 
urements made with the lead samples; this is due to the attenuation effect of 
the lead screen on y-rays leaving the reactor and on y-rays from the radiation 
capture of neutrons in bismuth. 


The equipment spectrum of y-rays for the radiation capture of neutrons with 
the reactor spectrum were compared with analogous distributions during the ra- 
diation capture of thermal neutrons. The geometric conditions of experiments 
with thermal neutrons were analogous to the experimental conditions with neu- 
trons having the reactor spectrum. In this case part of the neutron shielding 
(fig. 1) was replaced by paraffin blocks of equivalent dimensions with the sample 
inside. In this case the cadmium ratio at the point where the samples were sit- 
uated turned out to be equal to 30 for the reaction cu? (n, y) cu, The energy 
scale of the spectrometer was controlled by means of y-rays from a Po-a-Be (EY 7 
4.47 MeV) before and after each measurement. 
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Figure 2. Equipment spectra of amplitudes 
(+ +), measured with nickel (a), iron (b) 
samples and equipment spectrum of back- 
ground radiation (@ @ @), measured with 
lead sample. (Data normalized with re- 
spect to one reactor power and with re- 
spect to same measurement time.) 


Figure 3 presents the equipment spectra (normalized for E = 6.5 MeV) of 
v-rays associated with the radiation capture of thermal neutrons and of neutrons 
with the reactor spectrum in nickel. The equipment spectrum of pulses due to 
the y-ray associated with the radiation capture of thermal neutrons in nickel 
clearly shows maxima at energies of 9.0, 8.5, approximately 7.5, and 6.8 MeV, 
which correspond to the most intense lines established from investigations with 
a magnetic spectrometer (ref. 5). In the equipment spectrum of amplitudes, 
obtained during the capture of neutrons with the reactor spectrum, a 228 


relative increase in the number of y-quanta with an energy of x, < 5 MeV is ob- 
served. 


Figure 4 presents the equipment amplitude spectra due to the vy-rays as- 
sociated with the radiation capture of thermal neutrons and of neutrons with 
the reactor spectrum in iron. The distributions are normalized for amplitudes 


corresponding to the y-ray energy of 7 MeV. During the capture of thermal neutrons 
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there are clearly defined peaks which correspond to the y-transitions with en- 


ergies of 16; 5.9 and 4.5 MeV in Fe?! as well as an unresolved distribution 
above y-ray energy of 7.5 MeV, which is associated with radiation transitions 


in Fe?? and FeD8 (ref. 5). The equipment amplitude spectrum obtained during 
the capture of neutrons with the reactor spectrum is shown as substantially 
deformed: there is a relative increase in the number of y-quanta with energies 
greater than 7.5 MeV. The equipment amplitude spectra measured during the cap- 
ture of thermal neutrons have small statistical errors, because the background 
distribution of pulses is an insignificant part of the effect. When neutrons 
with the reactor spectrum are captured, the equipment spectrum of y-rays, par- 
ticularly in the energy range below 5 MeV, may contain substantial errors (15- 
30 percent) due to the fact that the subtraction of the background pulse distri- 


bution is not entirely accurate. 


The established variations in the spectra of y-rays associated with the 
radiation capture of resonant and fast neutrons can be explained as being: 


(1) due to the variation in the cross sections of radiation capture of 
individual isotopes in a natural mixture when the neutron energy increases. A 
particularly pronounced variation in cross sections may occur when even-odd 
isotopes are present in noticeable quantities, whose radiation capture cross 
sections for fast neutrons may be 5-15 times greater than the cross sections of 
even-even cross sections (ref. 6); 
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(2) due to the variation in form of the y-ray spectrum associated with radi- 
ation capture as a function of the orbital moment introduced into the nucleus by 
the neutron. As the neutron energy increases, the probability of neutron radi- 
ation capture with moment Lae which differs from 0, will increase. This may in 


turn affect the nature of probability redistribution for y-transitions; 


(3) due to the change in the ratio between the capture cross sections as- 
sociated with direct process and with processes involving the formation of a com- 
pound nucleus as a function of neutron energy. This may also lead to a change 
in the spectrum of y-rays associated with radiation capture. 


At the time our work was completed, an article was published (ref. 7) re- 
porting the results of investigating the spectrum of y-rays during the capture 
of neutrons with an energy of 100 keV in nickel. The general nature of spectrum 
variation compared with the capture of thermal neutrons is analogous to the data 
we have presented. 


The measurements carried out in the present work, in spite of their [229 
qualitative nature, show conclusively that the number of captured y-quanta with 
energy greater than 6-7 MeV per neutron capture in the thermal and fast region is 
different. If we assume that the variation of spectra is associated with the re- 
distribution of ratios for the isotropic captured cross sections, then in the case 
of iron the intensity of y-quanta with energy greater than 7.5 MeV increases by a 
factor of 3-4 compared with the case of thermal neutron capture, whereas for nickel 
it decreases approximately by a factor of 1.3. 


In conclusion the author takes this occasion to express his deep gratitude 
to I. I. Bondarenko for valuable remarks made in the course of the measurements. 
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TRANSMISSION OF GAMMA-RADIATION THROUGH A FLAT SLIT IN 
SHIELDING 


A. P. Veselkin, Yu. A. Yegorov and Ye. A. Panov 


Recently a great deal of attention has been devoted to the problem of /229 
radiation penetration through slits and heterogeneities in the shielding, be- 
cause both slits and heterogeneities may be sources of strong radiation leakage 
and may impair shielding. The weakening of shielding by slits and hetero- 
geneities lends itself to computation only in a limited number of cases. The 
existing equations and approaches for computing the penetration of radiation 
through slits and hollows are applicable only when adopted limitations are 
satisfied (refs. 1 and 2) and do not, in any case, cover the entire diversity 
of slit shapes (ref. 3) and hollow forms. From this it is clear that the ex- 
perimental investigation of a decrease in shielding due to slits and hetero- 
geneities is of great significance. 
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The source of y-radiation consisted of a linear isotropic Co source, 
which was simulated by the forward motion of a point isotropic source (figs. 
1 and 2). The dose power was measured by means of a scintillation y-dosimeter 
"without hard operation" (ref. 4). The external view of the dosimeter sen-/231 
sor is shown in figure 3. The shielding was placed between the source and the 
dosimeter (fig. 4). The dosimeter reading was automatically recorded on chart 
paper by means of the EPP-09 device; the motion of the chart paper was syn- 
chronized with the displacement of the source. A special circuit was used 
to turn on the motor. Figure 5 shows an example of a recording obtained when 
the dosimeter sensor was placed opposite the slit. With this distribution the 
area is proportional to the dose power at the point where the sensor is placed. 
The dose power over a length of 160 mm along the shielding in the direction 
perpendicular to the slit was measured in the course of the experiment. 


In the experiment the variation in the dose power behind the shielding 
with the slit was measured as a function of the properties of material filling 
the slit and as a function of the shielding material. The shielding material 
consisted of lead and iron, whereas steel, titanium, aluminum, carbon (graphite 
with a density of 1.65 g/cm3 and plexiglas were used to fill the slit. The 
shielding thickness in all of the measurements was 120 mm, and the height of 
the slit was 20 mm. The lead shielding was assembled from bricks interlaid with 
thin lead sheets to eliminate the assembly gaps. The steel shielding was as- 
sembled from two steel prisms. 


Figure 6 shows the distribution of the y-dose behind the lead, obtained in 
the experiments, for all of the materials used to fill the slit. The distributions 
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Figure 1. Schematic drawing showing arrangement 
for displacing source: 1, guideposts; 2, rack & 
source; 3, bracket; 4, bearing; 5, SD-2 motor; 

6 and 7, pulleys; 8, shaft; 9, spool; 10, arma- 
ture of electromagnetic clutch; 11, electro- 
magnet; 12, stand; 13, end switch. 


were obtained in the form of bell-shaped curves whose maximum appears opposite 
the middle of the slit. As was to be expected, the dose power behind the 
shielding increases sharply as the specific weight of the material filling the 
slit decreases. Thus, when steel is replaced with aluminum, the dose power 
opposite the center of the slit increases by a factor of 6.5. In addition to 
the increase in the dose power, directly in front of the slit we observed a 
widening of the distribution curves for the y-dose with a decrease in the spe- 
cific weight of the material filling the slit. Apparently this phenomenon is 
associated with an increase in oblique leakage paths, i.e., a decrease in the 
specific weight of the slit material weakens the shielding not only for the /232 
Y-quanta of the source, which fall perpendicular to the shielding, but also 

for Y-quanta which fall on the shielding at some angle. This is confirmed to 
some extent by the fact that the increase in the dose power behind the shield- 
ing occurs not only directly in front of the slit, but also in front of shield- 
ing parts near the slit. In this case the slit boundary passes approximately 
opposite the half-height of the distribution curve. 


To clarify certain laws we introduce the concept of specific dose, i.e., 
the dose per unit length behind the shielding, 


where De, is the integral value of the y-radiation dose behind the shielding with 
the slit; t is the distance along the shielding where the dose is measured. 
The quantity Ds is determined by the area under the dose distribution curve 


behind the shielding (fig. 5). The decrease in the shielding may be determined 
from the ratio D,/D, where D is the specific dose behind the continuous shield- 


ing. It is natural that as the specific weight of the material filling the slit 
decreases, the reduction of shielding due to the presence of the slit increases. 
To compare the extent of decrease for various materials filling the slit, a 
graph shown in figure 7 has been constructed. The ratio D,/D is plotted along 
the axis of the ordinates, and the density of the material filling the slit op 


in g/em3 is plotted along the axis of the abscissas. Some spread in the points 


Figure 2. External view of Figure 3. External view of 
setup for displacing source. spectrometer sensor on ver- 
tically adjustable stand. 
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Figure 4. Mutual arrangement Figure 5. Record- 
of source, sensor and shield- ing on chart paper 
ing: S, source; D, detector; of EPP-O09 device. 


T, shielding thickness; L, 
slit height. 


near the straight line is explained by the fact that when the slit material is 
replaced it is not possible to reproduce exactly the position of the lead 
bricks. 


The result obtained makes it possible to determine the extent of [233 
shielding decrease by a slit when it is filled with any material, if we know 
the dose behind the solid shielding and behind the shielding with a slit for 
some one slit material. A straight line for steel shielding (fig. 7, curve 2) 
was constructed in precisely this manner. The specific dose behind the solid 
shielding and the specific dose behind the shielding with a slit filled with 
titanium was measured experimentally. For this relationship the distribution 
D, /Dwas also normalized to unity for a solid steel shielding. If distribution 
2 is normalized at the point Fe to distributions 1, we can see that the dis- 
tribution of shielding decrease for the case of steel will intersect the axis 
of the ordinates above distribution 1. This was to be expected. 


Comparing the slopes of straight lines 1 and 2 (fig. 7), we can conclude 
that as the shielding material becomes lighter, there is a more pronounced 
variation in the degree of shielding decrease produced by a slit as the spe- 
cific weight of the material filling the slit decreases. 


It is interesting to note that if the 9 axis is replaced with the 0/0, 


axis, where @ is the specific weight of the shielding material, the point, 
obtained for the slit in a steel shielding (the material filling the slit is 
titanium), falls on the same straight line which contains the points obtained 
for other materials filling the slit in a lead shield (fig. 8). Consequently, 
we may assume that in terms of the D,/D and 0/0, coordinates the straight lines 


merge into one. However, this assumption must be verified by additional ex- 
periments. 
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Figure 6. Distribution of y-dose behind lead shield- 
ing with slit made of steel (5); of titanium (4); of 
aluminum (3); of carbon (2); of plexiglas (1). 


The results of the experiment were compared with the calculations of the 
extent to which the shielding is weakened by the slit, using the methodology 
proposed in reference 1. The calculations were carried out in the following 
manner. The dose power due to the y-radiation of a linear isotropic source, 
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Figure 7. Extent of decrease 


Figure 8. Extent of 


D,/D in shielding produced by 


slit as function of slit mate- 
rial specific weight: 1, lead 
shielding; 2, steel shielding; 
©, computed values for steel, 


decrease D, /D in shield- 


ing produced by slit as 
function of ratio 0/0, : 


P, plexiglas; C, graphite. 


concrete and water ; P, plexi- 
glas; C, graphite (9 = 1.6 


g/cm3). 


which has passed through a continuous lead shielding, was determined at the 
point where the detector is situated by means of the following equation 


e gk. 
P, (Pb) = \ Jasec «2 © "*S°C°B (pL sec @, E,) dl, 


where q is the specific activity of the source; Ky is the y-constant; L is the 
shielding thickness; a is the distance from the detector to the source along 


the straight line; w is the coefficient of the linear attenuation of y-radiation 
by the shielding; © is the angle between the normal and the straight line draw 
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from the detector to the element At of the source; Ey is the energy of the 


source y-quanta; B(uLsec®, EY) is the buildup factor written in the form of two 


exponential terms: 


B (pL sec 9, Ey) == Aye—atsec® +. Ae aan. ece 4, 
Here a, os Ay» 5 are coefficients obtained from tables presented in ref- 


erence 1. 


The dose power for a solid shielding of steel, concrete (9 = 2.3 metric 
tons /m> and water was computed in exactly the same manner. The dose power 
pehind the solid shielding was greater than the dose power behind the lead 
shielding by a factor of 42 (for steel), by a factor of 580 (for concrete) and 
by a factor of 1150 (for water). 


Assuming that these materials are used to fill the slit in lead shielding 
and introducing a correction for the decrease in the shielding due to the slit, 
expressed in the form 


SP A aa (1) 


and equal to 1/12 in our case (@ is the flux of y-quanta at the output from the 
slit; $) isthe flux of y-quanta at the entrance to the slit), we can establish 
the extent of weakening in the shielding produced by a slit filled with each 
of the enumerated materials. Taking this correction into account, the relative 
excess of dose power behind the shielding with a slit over the dose power be- 
hind a solid lead shielding was equal to 3.5 (for steel), 48 (for concrete) and 
96 (for water). 


If we plot the values obtained for (D,/D) calculated in figure 7, we can 


see that they also fall on the straight line 1. A comparison of experimental 
data with computed data has shown that the correction for the decrease in 
shielding produced by the slit, as proposed in reference 1, produces results 
which coincide with the results of our experiment within the limit of error. 
Consequently the computation of shielding weakening produced by a flat slit 
composed of various materials and for various shielding materials may be [234 
carried out with this method. 
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HEAT LIBERATION IN REACTOR SCREENS AND VESSELS 


D. L. Broder, A.P. Kondrashov, V. A. Naumov, 
K. K. Popkov and A. V. Turusova 


Introduction 


As we know, asubstantial amount of energy (approximately 30 MeV for [234 
each act of fission) is liberated inside and outside the active zone due to long 
mean free path radiations (y-quanta and neutrons). The energy of neutrons and 
of y-radiation which is lost due to interaction with material surrounding the 
active zone produces an increase in temperature. 


Of particular concern to designers is the radiation heat liberation in 
vessels of water-moderated reactors which, in addition to these thermal loads, 
also experience a static loading due to pressure. The following long chain of 
physical processes must be taken into account when computing heat liberation: 
the origin of neutrons and y-rays, the moderation absorption of neutrons with 
the formation of capture y-radiation, the scattering and absorption of y-rays, 
the formation of secondary electrons, etc. Therefore, even if we have a cor- 
rect physical description of these processes, the accuracy associated with the 
calculation of heat liberation will depend on a large number of factors. In 
particular, such factors include the yield of y-rays during the fission act as 
well as their spectra, the interaction cross sections for neutrons and others; 
some of these factors are not known with a sufficient degree of accuracy. Under 
these conditions the experimental verification of the method used to compute 
heat liberation becomes particularly important. The present work is an effort 
to substantiate the validity of the applied computation methods. 


Methods of Computation 


The following processes are taken into account during the computation of 
heat liberation: . 


(1) the y-radiation of the active reactor zone; 


(2) the capture y-radiation occurring in the adjacent structural and 
shielding materials (thermal screens, reactor vessel, water between the screens); 


(3) a@ particles of the a (n, a)Li! reactions (for screens made of boron 
steel). 


Shy 


Other processes, such as the y-radiation due to the inelastic scattering of 
fast neutrons, were not taken into account in the calculations, because they in- 
troduce an insignificant contribution to the value of the total heat liberation. 
Thus the value of specific heat liberation Q was determined as the sum 


Q = Qy-+ Qa, (1) 
where 7 and ew are the y- and q@-components of heat liberation, respectively; 


6 = 1, if the computation point is in a boron-containing screen; 
= O, if the computation point is in a screen made of conventional steel. 


The calculation of the y-component of heat liberation x, is reduced to the 
determination of scalar y-radiation fluxes of various energies 3 


In this case the quantity Q (r) at the point r is given by the ex- [235 
pression ¥. 


Q(e)=# \ ol. 1) Fuel E, HAE, (2) 
where py Bs r)dE is the scalar energy flux of y-radiation in the interval E to 
E + dE at point r; Bon (E, r) is the linear absorption coefficient for the energ, 


of y-quanta with energy E at point r; k is a coefficient which is determined by 
the dimensions of quantities contained in expression (2), 


14 


k = 1.6-107? W-sec/MeV = 3.82-10°-' cal/MeV. 


In the present calculation, integration was replaced by summation over 
several energy groups of y-quanta. The following eight energy groups were taken 
for the calculation: 0-00.53 0.5-13; 1-2; 2-3; 3-h; 4-53; 5-73 > 7 MeV. 


In this case 
. 
Qy (nN =k =, fi (r) Ej 483) (3) 


where E. is the average energy of the energy group j; ae (r) is the scalar flux 
J 
of y-radiation pertaining to energy group j from all types of sources at point r. 


Quantity Py (r) was determined as the sum 
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ys (T) = PY, (F)-F OY; (tT) -F 4g, (F) + Ot, (TF) + 9%, (7), (4) 
where wy ,(2)" is the flux of y-radiation arriving at point r from the active zone; 
%, is the flux of y-radiation due to neutron capture in screens and in the re- 
actor vessel excluding the screen which contains the computation point; %, is the 
flux of y-radiation associated with the radiation capture of neutrons in the vol- 
ume of the screen containing the computation point; %, is the flux of y-radiation 
due to the capture of neutrons in the water filling the space between the 
screens ; %, is the flux of y-radiation capture from water outside the reactor 
vessel. 


Since the dimensions of the active zone are greater than the thickness of 
the screens, the calculations of fluxes were carried out using plane geometry. 


The quantity ®, was computed by taking into account the radial nonuniformity in 
the specific power of y-radiation sources contained in the volume of the active 
zone. The active zone was approximated as an infinite radiating layer assuming 


that the distribution function of sources 4, is constant over the thickness of 


the layer 1/u,,> 


Wt 
G=vae | gy(x) dx, 


(a.3 = az = active zone) 
where H is the height of the active zone. 


According to this it follows from reference 1 that 
qa tr i im 4 ‘ 
Y= Die, > 47° {E, [a +a}*) > px: | ~E, [a +-a;°) (> pix: -l- gd) |} ; (5) 
j=1 i i ' 


where bos is the linear attenuation coefficient of y-radiation for the material 


of the active zone; X wy x5 is the thickness of the shielding layers in terms of 
i 


i 


a the future for the sake of simplicity we shall drop subscript j and shall 


not indicate coordinate r. 
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relaxation lengths within the space between the surface of the source and the 
point where heat liberation is calculated. 


Equation (5) utilized the energy buildup factor for the scattered y-radi- 
ation in its exponential approximation (ref. 2) 


B(px)= SAE) oe), 
= 


The quantity % is made up of y-quanta fluxes originating in various [236 


screens. Therefore 
- 
io = ~ Pn (6) 


b 
where PK is the flux of y-quanta due to neutron capture in the k-th screen. 
The distribution functions for the capture y-radiation sources across the 
thickness of the k-th screen ae (x) were approximated as follows: 


(a) by a constant (for thin steel screens) 


ad 
gh) ( gh (s')ds', 
tt) 
where d is the thickness of the source layer; in this case the following equation 


was used (ref. 1) 


» yh : Patt oy : 
yn =e" Ber 2 [Es [ (a Fare) S piss |— 
ie ee (7) 
bre Oo : 
—E, [a +e; tan ot +psd ) }} ; 


where oe is the linear attenuation coefficient of y-radiation for iron; 


(b) by two exponents (boron-containing screens and reactor vessel) 


Fyn (X) = Gi, (1) 7 + g?, (2) em 228; 
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In this case we have 


Pon = Poin (1) + Phy (2) } 
Lay; 
d+ ——— 


secrete, 
e(— SR? 9 aP fe m/e, <[-ape)— Fe] SS nerdy — 
Dee, 


ot yates 2 
—e-H4E, [a +-aFe) >; pix | =e (. By acta +are)— =] x 


x (usd + > wis +E [a -F a?) psd + >) wits |} ; ie 
i i 
Xu, 


q h (2) Fe (7? (4.5 _) : ‘ ZINN. 
w= — RE >) 8 fe. ‘ BS TE, (+ ape) +52 | Swe 
j=i r] 
ria 


—eMt, | (1 + aF*) >) wx | Lee! “ts 7B, ¢[U+aF) +5 pe 2] x 


x (sd+ 3} wits 5+ Ei [ G+) (usd+ x ps ) |} ’ 


where [lg is the linear coefficient of y-ray absorption in the source screen ma- 
terial. 


The value of the flux % for the screens with constant source [237 
. F c e 
distribution a) (x) = 4, was computed by means of equation 
q : 
Gas 2 2[(1 +4) psx] — Ep [(1 +4)) us (d—2)]), (8) 


where x is the distance of the point where heat liberation was computed from the 
layer surface. 


For a screen with an exponential distribution of source power 


Jy (x) = gy (1) e-**; 
2 
yO : ped P ‘ 
= Se A Kee fin! |e, (yx) + Ey (uj — 2) x] } + (9) 


er fin] PEE | eB, [nj (d — x)} + Evliuy +2) (d- 9}, 
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We =" Me 1 + @, . 


The quantity oy is the sum of y-quantu fluxes originating in various layers of 


interscreen water, 


y= Da Pye: (10) 


a 


The computation of on was carried out without taking into account the absorp- 


tion of y-radiation inside the layer (this assumption may be made for thin 
layers when Ug d< 2), therefore 


iD 2 
qy d ve " 
oma, SAP, | (1-ba;*) Syn]. (11) 
{ 


gat 


The flux % of capture y-radiation from water contained outside the reactor 


vessel was computed by assuming an exponential approximation for the y-ray 
sources 


q(x) = qoe**. 
In connection with this 
2 
y= — he MAN for 4B, [ (1 al) Dy wins | - 


jart 
reN 
i *) Sux; 
—¢ 


ae Casal ne 2) 
—E, [Cd +ar) Dax + psd | (12) 


(4aye) Sux, 
ogg re rey Bs 
i Ex<[(+ay9) Yutued] (1-5) >}. 
. i 
The computation of the &-component of heat liberation Q, was carried out with 


the equation 


7 
Qa (r) = REx p> nu; (r) SF, (13) 
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fo 
where A (r) is the flux of neutrons of energy group j at point r; 2, is the 


macroscopic cross section of the reaction BLO (n, @) Lai! for neutrons of energy 
group j; Ey = 2.31 MeV is the effective energy of the a-particle. 


The three-dimensional energy distribution of neutron fluxes necessary [238 
for the computation of radiation sources for distribution functions may be 
obtained by means of the multiple group methods described in reference 3. The 
experimental basis for the multiple group methods in reference 3 is a definite 
guarantee that the computation of y-ray sources is correct, as well as the com- 
putation of heat liberation sources due to the reaction BLO (n, @) Li’. In the 
present work an effort is made to show that the calculation of the y-component 
of heat liberation Q, may be carried out with an accuracy sufficient for engi- 


neering purposes when the sources are correctly determined. 


The Method of Measurements 


Two methods for the experimental determination of heat liberation pro- 
duced by radiation are known. The first method is calorimetric and consists 
of a direct measurement to determine the heating of the medium. However, this 
method is useful only for measuring large heat liberation in intense radiation 
fluxes. The other method which was used by us is the ionization method, which 
has high sensitivity and which makes it possible to measure small values of 
heat liberation. The selection of this method was dictated by the fact that 
measurements were made using critical reactor assemblies of zero power, where 
the calorimetric measurements are practically impossible. It was shown in 
reference | that measurements made by both methods agreed to within 5 percent. 
We utilized an ionization chamber of the capacity type for the detectors. 


The ionization of the gas cavity of the chamber under definite conditions 
(the Gray conditions, reference 5) may be associated with heat liberation in 
the medium surrounding this cavity. The Gray conditions are concerned with the 
spectrum of secondary electrons and consist of the following. 


If the dimensions of a solid medium exceed the maximum path of electrons 
formed during the interaction of y-rays with matter, and if the dimensions of 
the gas cavity are less than the minimum electron path, then the gas in the 
cavity will not perturb the velocity distribution of secondary electrons. Then 
the loss of energy in the solid medium (heat liberation) q and the energy loss 
in the gas cavity are associated by the Gray relationship 


(-dE/dx) orig 0 (14) 
(-dE/ax) pas Ww 
where (= is the electron energy loss per unit path length in a solid 


dx solid 
medium or the retardation capacity; jy is the number of ion pairs formed in a 
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unit volume of gas during 1 sec; W is the average quantity of energy which is 
consumed to form ion pairs in the gas. 


If we note that the retardation capacities are proportional to the number 
of electrons, we obtain the following equation for heat liberation 


WN 
R solid 
a= jW y— f, (15) 
gas 
where N N is the number of electrons in 1 em3 of the solid medium and 


solid’ "gas 

of the gas, respectively; f is the ratio of retardation capacities for solid 
and gaseous media (per electron), given by the Gaytler expression (ref. 6) 

and which, in addition to electron energy, depends only on the potential of the 
ionized atom. 


The ionization potential depends very weakly on Z. For example, for Fe, 
Al and Be the values of f are equal, respectively, to 0.84, 0.94 and 1.04 when 
f = 1 for air. As we can see from expression (15), the accuracy of the method 
is determined by the accuracy in determining the quantities W and f and also on 
the effectiveness of ion collection. The number of ions formed in 1 cm3 of the 
gas cavity during 1 sec may be computed from the obvious relationship 


du (C, + C5) = Jetv,, (16) 


where AU is the variation of the chamber potential during the irradiation [239 
time t (sec); Cy Cas are the capacities of the chamber and of the measuring 


devices in pF; e is the electron charge in Coulombs; ve is the chamber volume 
in em>, 


Thus we have the final expression for heat liberation in 1 em? of the 
medium 


eta. (17) 


Nita ab c 
N... ¢ AU tv 
gas ce 


q = Wf 


Measurements of heat liberation were carried out in assemblies which simu- 
lated typical thermal shielding of a water—moderated reactor with zero power 
as the radiation source. These assemblies are described in reference 3. In 
order to measure heat liberation in steel plates, channels were made which 
were closed with plugs of the same material after the placement of the chamber. 
Most of the chambers were made of the 1XL8NQ9T steel, while some were made from 
St. 3 steel. The dimensions of the chambers and their design are shown in 
figure l. 


The walls of the chamber case were made sufficiently thin; however, the 


Gray condition concerning the dimensions of the medium surrounding the gas 
cavity was satisfied, because the chamber was placed into a prism made of the 
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Figure 1. Steel gray chamber: 
1, chamber cover; 2, brass nut; 
3, teflon insulator; 4, central 
electrode; 5, chamber shell; 6, 
operating cavity. 


same material as the wall. On the other hand, the chambers, insofar as 
possible, had small dimensions in order to fix the point accurately where the 
heat liberation was measured. In order to recompute the ionization and heat 
liberation it is necessary to know the volume and capacity of the chambers. 
The capacities were measured with a standard industrial type IIYeF device and 
were of the order of 4-6 pF when the capacity of the electrometer was 10 pF. 
The operating volumes were established by successive weighings on analytical 
balances. For this purpose they were either filled or unfilled with water. 
For different chambers these volumes were of the order of 0.4-0.7 ecm?. 


The gaseous medium in the chamber consisted of air. The variation in 
chamber potential under the action of secondary B-radiation was measured by 
means of a standard electrometer. Before the measurements were started, the 
chamber was tested for the presence of breeding in the gas. Gas breeding was 
not observed for the operating voltages (up to 60 V). Experiments were car- 
ried out with the reactor power levels from a fraction of a watt to several 
tens watts for different measurement series. The irradiation time of 15 min 
was selected for the first assembly (fig. 2) and of 20 min for the second 
assembly (fig. 3). 
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Figure 2. Heat liberation in screens and reactor vessel 
for first (a) and second (b) versions: ————, computed 
data; O, experimental data. 
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Figure 3. Heat liberation in screens and reactor vessel 
for third version, due to following: y-radiation from 
active zone (Yaz)3 neutron capture in iron-water mix- 


ture (Va53 neutron capture in nine screens (1-9); 


neutron capture in polyethylene behind vessel (10); 
q, total heat liberation in absolute units; ————, 
computed data; ©, experimental data. 


Discussion of Results and Conclusions 


Figure 2 presents the results of computations and the experimental values 
of heat liberation for two versions of the vessel and screens of the thermal 
shielding. The computed specific heat liberation in steel screens and in the 
vessel q are plotted along the axis of the ordinates in relative units. 


During these experiments the power level of the reactor was not controlled 
during measurements. Therefore, figure 2 presents only a comparison of the 
relative values of computed data and of results obtained experimentally. The 
experimental points and the calculated curves were superposed at a distance of 
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3.7 em from the active zone. The calculations of heat liberation for the /2u1 
above versions were carried out by using the ten group method to find the three- 
dimensional energy distribution of neutrons (ref. 3). We can see in figure 2 
that the agreement of computed values with experimental values is very good for 
both versions. 


For the third version of the experimental assembly (fig. 3) the calculation 
of heat liberation was carried out by using the 7 group method to determine the 
neutron distribution. During the period of experiments with this assembly the 
reactor power was controlled by means of copper and indium foils, placed at 
definite points in the active zone. The flux of neutrons was determined in one 
of the experiments. For this purpose, in addition to the copper and indium 
foils, the active zone contained gold foils which were then subjected to a 
count utilizing the B-y-coincidence method. The reactor power was determined 
from the known neutron flux. In the remaining experiments we took the ratio 
of copper and indium foil activity to the activity of the same foils in the 
experiment for determining the absolute neutron flux. With this ratio we deter- 
mined the neutron flux as well as the reactor power for each experiment. 


Thus figure 3 presents a comparison of the absolute values of heat libera- 
tion obtained by computations (curves) and experimentally (points) for the 
third version. We can see that computed data and experimental data agree well. 


The authors evaluated the experimental error which was + 30 percent [2h2 
and which was composed of the following errors: 


error in measuring the voltage in the chamber.............-.0--020-.% 2 percent 
error in measuring the chamber capacity...-..cecccccrees sMiawigucsewe® -6:percent 
error in measuring the operating volume of the chamber........ eeeeeet Lh percent 


error in measuring the reactor power (during absolute measurements).+ 20 percent 


The indefiniteness associated with the evaluation of quantities W and f 
comprises approximately 3 percent for W and approximately 7 percent for f. 
These values are taken from reference }. 


The discrepancy between experimental results and computed results does not 
exceed 15 percent, i.e., it is below the limits of experimental error. This 
shows that the applied calculation method is quite accurate, and we recommend it 
for calculating heat liberation in vessels and screens of water-moderated re- 
actors for practical purposes. 
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PART TIT. EXPERIMENTAL METHODS OF INVESTIGATING SHIELDING AND 
SHIELDING MATERIALS 


INVESTIGATION OF NEUTRON TRANSMISSION THROUGH SHIELDING BY MEANS 
OF UNIDIRECTIONAL SOURCES (THE B-2 INSTALLATION) 


S. G. Tsypin 


Introduction 


Two typical cases are encountered in the design of nuclear reactor /243 
shielding of small dimensions: in the first case the shielding is very close 
to the reactor, whereas in the second case it is substantially removed from the 
reactor. In the first case the radiation incident on the shielding may be 
considered isotropic in the first approximation, in the second case it may be 
considered unidirectional. These two classes of angular distributions for 
radiations from the sources may be attenuated in a different manner by the 
shielding. If this difference is small,1 we can utilize any of the attenuation 
functions and in this case, any of the functions would be universal. 


Furthermore, if we utilize collimated (point unidirectional or limited 
unidirectional) radiation sources, we can obtain more detailed information on 
the transmission of radiation through the shielding than when we apply non- 
collimated sources (refs. 1-9). 


Indeed, the most elementary source is a point unidirectional source and also, 
generally speaking, a monoenergetic source of radiation. By using the attenua- 
tion function of such a source it is possible to develop an attenuation function 
for a source with any angular distribution. In addition, such a source can be 
used to obtain information on the angular distribution of radiation in the 
shielding in addition to information on its three-dimensional energy distribu- 
tion. The B-2 installation was constructed in order to obtain this informa- 
tion and to simulate an infinitely plane unidirectional source utilizing the 
BR-5 fast neutron reactor (ref. 10). 


a comparing these attenuation functions it is assumed that the geometric at- 
tenuation cannot take place for an isotropic source; in particular, for a 
point isotropic source if we multiply by the square of the distance between 
the source and the considered point in the shielding (detector). 
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B-2 Installation for the Investigation of 
Shielding 


The B-2 installation was built on the north side of the BR-5 fast neutron 
nuclear reactor (ref. 10). This installation was used to investigate the pene- 
tration of neutrons through various shielding media which can be either in a 
solid or liquid state (fig. 1). The schematic diagram of the B-2 installation 
is shown in figure 2. The installation consists of the following parts: a 
channel with slide plates, a movable cart, a tank and a concrete shielding 
recess surrounding the cart with the tank. The beam of neutrons which passes 
through 16 em of nickel reflector enters a channel in the shielding which has 
a diameter of 25 cm. 


The beam geometry (fig. 2) provides for a well collimated source with a 
collimation half-angle of approximately 2.5 . The radiation exit from the 
channel is covered with two remotely controlled slide gates: a water gate /2hy 
with a thickness of 150 cm and a cast iron gate with a thickness of 50 cm. 

The test shielding materials are installed (or poured in the case of a liquid) 
into a steel tank, with dimensions of 137 X 139 X 217 cm, which in turn is 
placed on the movable cart. 


To facilitate the loading and unloading of shielding materials, the B-2 
installation has a special arrangement to move the cart with the tank out of 
the concrete recess. The construction of the cart and of the tank make it 
possible to investigate shielding weighing up to 50 metric tons (when iron 
shielding is investigated, for example, its weight reaches a value of 30 tons, 
ref. 7). In all experiments to investigate the transmission of neutrons 
through the shielding the cart with the tank is moved flush against the location 
of the radiation beam, so that the beam enters the center of the vertical tank 
wall surface and its cross section has the form of a disk with a diameter of 30 


cm. 


A concrete recess with a thickness of approximately 1 m is built flush 
against the reactor. A heavy grade of concrete with a density of 4.3-4.5 


g/em> was used. Above the recess there is a cut with a width of 12 cm [245 
for introducing radiation detectors into the test shielding. The flux of fast 
neutrons with energies E > 2-3 MeV at the output of the beam, when the BR-5 
nuclear reactor power is 5000 kW, represents approximately 1010 neutrons/ 


2 
em™*sec. 


In the B-2 installation the neutrons pass through a layer of nickel 
(16 em) before they enter the test shielding material from the BR-5 reactor. 


Special measurements of the neutron spectrum leaving the channel have 
shown that above the energy E > 3 MeV it agrees well with the neutron fission 
spectrum (ref. 7). In addition, it also follows from reference 9 that if a 
nickel layer of thickness 15 cm is placed between the source of fission neu- 
trons and the water, the attenuation function, starting with a water thick- 
ness of 40-50 cmfrom the source, coincides well with the attenuation function 
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Figure 1. General view of B-2 installation on 
BR-5 reactor for investigating shielding. 
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Figure 2. Schematic of B-2 installdtion on BR-5 reactor 
for investigating shielding: 1, channel; 2, reactor 
shielding; 3, concrete shielding; 4, shielding under test. 
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for neutrons having a fission spectrum (the measurements were carried out by 
means of the BF. thermal neutron counter). 


3 


From this description of the B-2 installation it follows that a limited 
unidirectional source--a unidirectional disk--is used to study the penetration 
of neutrons in the shielding materials. 


Geometric Transformations of Unidirectional Sources 


In order to understand the procedure for carrying out measurements with 
such an unusual disk unidirectional source, it is necessary to consider several 


remarks. 


Let us consider the two classes of surface sources mentioned above: the 
isotropic and the unidirectional sources. In the first class the elementary 
source is a point isotropic source, whereas in the second class it is a point 
unidirectional source. We shall define the direct geometric transformation as 
the transformation from elementary sources to sources of other geometric form, 
for example, the transformation of a point isotropic source into a plane iso- 
tropic source or into a spherical isotropic source. We shall define the in- 
verse geometric transformations as those involving the transformation from more 
complex geometric sources to elementary sources. 


In the class of isotropic sources, the direct and inverse geometric trans- 
formations are always possible ,t because the attenuation function of a point 
isotropic source Gpi (R) is characterized by a single geometric parameter--by 
the distance between the source and the obsérvation point (detector) in the 


shielding. 


In the class of unidirectional sources, the inverse transformations are 
possible only under definite simplifying assumptions. Indeed, even under the 
simplest conditions: isotropic detector, homogeneous and infinite medium, the 
attenuation function of a point unidirectional source G_ (R, ®) or G_ (R, h) 
is characterized by two spatial coordinates (fig. 3). P" pu 


The equivalence of moving the source or the detector makes it possible for 
us to assume that the schemes shown in figure 3a and b are the same. This 
situation is usually utilized in carrying out the measurements. In particular, 
the detector of the B-2 installation was displaced along the central ray [2h6 
of the unidirectional disk source R, as well as in the perpendicular direction 
h, for different values of R, or there was an angular displacement © with re- 
spect to the center of the disk for different values of R. These attenuation 
functions (Cou (R, h) or Ora (R, @) make it possible to obtain substantially 


more information compared with the attenuation function G,. (R), which yields 
nothing more than information about the isotropic sources”. 


1 
It is assumed that the medium containing the source is infinite and homge- 
neous, and that the radiation detector is isotropic. 
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Figure 3. Geometry of experiments in which source is fixed, 
while detector is fixed (b). S, source; D, detector; 9, 
angular rotation of source or of detector; h, height to 
which source or detector is raised; R, distance between 
source and detector. 


Direct Transformations. It is easy to see that if we know the attenuation 
functions Ca (R, @) or Cod (R, h), we can find the attenuation function for a 
source with any angular distribution. We shall present several simple examples. 


(a) The attenuation function for a point anisotropic source is equal to 


ax 
Gpa(R)=C ( dp \ £(8)Gpu(R, 8)sin® de, (1) 
ry 
where f (@) is the function for the anisotropy of the source radiation. In 
particular when f (®) = 1 expression (1) is transformed into Ga (R). 


(db) The attenuation function for an infinite plane unidirectional source 
Coop (R) is equal to 


2n 


Geo, (R)=C | do ( Gay (R, h)hdh (2) 
0 0 


etc. 


(p = plane) 

Unfortunately it is very difficult to work with point unidirectional 
neutron sources due to their small intensity. In this connection it is more 
expedient in practice to use bounded unidirectional sources. 

The attenuation functions of bounded unidirectional sources will vary 
with the dimensions of the source. Thus, for example, in measuring the attenua- 
tion function for a unidirectional disk source along the central beam G,, (R, 0) 


in any medium as a function of source diameter, the attenuation functions Gg,, 
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(R, 0) will differ from each other more and more as the diameter increases and 
as the slope of the attenuation curve decreases. However, it is possible to 
find a unidirectional source whose attenuation function will not vary with an 
increase in the dimensions of the source. A plane infinite unidirectional 
source is of this type. 


From an analogy with expression (2) we can write 


teeny te 


Gi (R)= 6 a Goy(R. A)hdh. (3) 


We shall show that expression (3), within the accuracy of the constant, 
coincides with expression (2). 


Indeed, let us represent Gau (R, h) as a superposition of Cou (R, h), in 
which case, expression (3) may be written in the form 


2n © 


Gt, (R)=C ( dp \ Gau (R, h)hdh=C \ dSGay (R, h) = 
0 0 a 
=C} dS) Gyy(R, hi) Nor=C >) baz | Gon (R, hi) dS = (4) 
8 i=0 iv & 
2x wo n 


ap \ dg \ G(R, h)hdh >) Ao,*, 
0 0 i=0 


where dS is the elementary area of the integration surface; do, is the element 
of source area. 


It follows from the comparison of expressions (4) and (2) that G! /2u7 
(R) and Coop (R), indeed, differ only in the value of the constant multiplier. 


We should also note that the radiation attenuation function depends on the 
angular distribution of the source radiation. Comparing the results of theo- 
retical works (ref. 9) on the penetration of y-rays, we see that there is a 
slight difference in the attenuation functions Gos (R) R° (R is the distance 
between the source and the considered point in the shielding) and Coop (R). 

Table 1 uses the data of reference 9 to present the energy ratios Cos 
(R) R°/Genp (R) for y-quanta with energies of 0.5, 1, 3 and 8 MeV in water, 


*Tt is possible to replace h; with h in the integral since integration over h 
from zero to © always produces the same result regardless of the source posi- 
tion in space. 
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TABLE 1. COMPARISON OF THE ENERGY ATTENUATION FUNCTIONS G.,, 
(R) R® AND Gop (R) y-RAYS WITH ENERGIES 0.5, 1, 3 AND 8 


MeV IN WATER, IRON AND URANIUM G,,. (R) R?/6.., (R). 


Shielding thickness in terms of y-ray 


Medium Energy, MeV o,/o meen free path lengths 


| ae ee 
0.5 0.66 0.93 1.26 1.48 
Water 3 O.4L | 1.00 [1.04 | 1.08 
8 0.29 1.01 1.02 0.99 
0.5 0.65 0.97 1.09 1.20 
Iron 3 0.38 0.99 1.03 1.08 1.21 
8 0.19 | 0.99 |1.00 | 1.03 T17 
- O: 36. | vei: «}a402 4 
Uranium 3 0.26 0.99 1.01 3 
8 0.10 0.99 1.00 2 


iron and uranium. In addition, the table presents data corresponding to the 
ratio of scattering cross sections to the total y-quanta attenuation cross 
section in the substance o,/0- We can see from table 1 that the maximum dis- 
crepancy between these functions, which is approximately equal to two, takes 
place when the shielding thickness is 15 mean free paths of y-rays and the 
ratio o,o~ 0.7. When the ratio o,/o S 0.4, this discrepancy seldom exceeds 


10-20 percent, i.e., the attenuation functions G__ (R) R° and G, (R) prac- 
‘ ee ps ‘op 
tically coincide. 


We can expect, from an analogy with y-ray sources, that the attenuation 
functions Co (R) R@ ana Geop (R) will also coincide for the neutron sources. 


To investigate this problem the B-2 installation was used to measure the 
attenuation functions Goon (R) of fast and thermal neutrons in water by means 


of a threshold P3! (n, p) si34* detector and by means of a thermal neutron 


detector Br (ref. 6), respectively. 


* 
Data obtained by V. A. Dulin, Yu. A. Kazanskiy, V. P. Mashkovich, B. I. 
Sinitsyn, L. K. Fometskiy and S. G. Tsypin. 
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Figure 4 represents these attenuation functions. This figure also sho‘s 
the attenuation function Gos (R) Ro for neutrons of the fission spectrum for the 


ease of the P3t (n, p) si3! threshola detector, computed by means of data vre- 
sented in reference 9. In addition, figure 4 shows the attenuation function 


Go, (R) R@ for neutrons of the fission spectrum in water, which is measured by 
means of a thermal neutron detector containing the EF. counter. This attenué- 


tion function is obtained from the attenuation function of a disk isotropic 
neutron source with a fission spectrum, in water (ref. 6). 


As we can see from figure 4, there is good agreement between the at- /2h5 
tenuation function for the neutron spectrum of the B-2 and Gpi (R) R@ instelle- 
tions and the attenuation function Gp (R) for neutrons of the fission spectrux 


both for fast neutrons and for thermal neutrons in water. 


Inverse Transformations. From the material presented above it follovws 
that the attenuation function Gy, (R, h) contains less information than the 


Cou (R, h) function; however, if certain simplifying assumptions are made, 


Gop, (R), Gpy (R) RP, 
relative units 


10 30 50 70 90 10 ii RCM 
Figure 4. Comparison of attenuation functions G, (R) R° (@) 
for point isotropic neutron sources of fission spectrum mul - 
tiplied by square of distance between source and detector 
with attenuation functions of plane infinite unidirectional 


sources with neutron spectrum of B-2 installation, Coop (R) 


for various layers of water R, measured by detectors of: 1, 
thermal neutrons (counter with BF) 5 2, fast neutrons 


(p3t (n, p) siX). 
364 


we can obtain additional information from the unidirectional disk sources and 
the accuracy of such information will, of course, be limited by these ussump- 
tions. Figure 5 shows the attenuation functions G, (R, h) measured by the 


threshold detector A1°! (n, a) Na2* of fast neutrons in iron on the B-2 instl- 
lation (ref. 7). An examination of these curves shows that within the limits 

of the beam radius the curves are almost constant:or vary little, and then vary 
almost exponentially with h in such a way that as R increases, the slope of the 
curves becomes more shallow (a similar picture takes place for water, reference 


6). 


Assuming that the slope of the exponential part of the curves in the 
attenuation functions Gs (R, h) and Gay (R, h) is retained and knowing Ggy 


(R, h), we can find the approximate value of Cou (R, h). This assumption con- 


cerning the coincidence of the slope of these functions is confirmed, for ex- 
ample, in the case of a unidirectional disk (ref. 1) and a unidirectional point 


(ref. 2) source of y-rays from Co in water. This situation is also confirmea 
by the close slopes of the exponential part of the attenuation curve for neutrons 
measured in water by means of BF. thermal neutron counters for various diameters 


| 
of neutron beams--30 (ref. 6) and 3.8 cm (ref. 11). 


The proposition stated above makes it possible for us to seek the attenua- 
tion function Coy (R, h) in the form 


Gy (Ry A) = A(R)e-¥M), (5) 


where A(R) is the term in front of the exponent, which depends only on the dis- 
tance between the source and the detector R in the medium;  (R) is the relaze- 
tion length for the attenuation function Cou (R, h) as a function of h, corre- 


sponding to the slope of the exponential part of attenuation function /2u9 
Gay (R, h) for a given distance between the source and the detector R. Then, 


by substituting G3, (R, h), which has beén measured along the central beam of 
the disk source with radius a Cau (R, 0), as a superposition Cou (R, h), we find 


A(R). After simple transformations we obtain 


A(R) = _ CG6"dulR, 0) (6) 


2n {A2(R)—~A(R) eM) fat (RD 


where C is a constant. 
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Ga, (R, h), relative units 


0 
0 0 20 30 40 50 
hem 


Figure 5. Attenuation functions for uni- 
directional disk source with neutron spectrum 
of B-2 installation G,, (R, h) for various 


thicknesses of iron measured by means of 


A127 (n, w) Na24 threshold detector. 


Finally, we may write 


G h) = —__CGau(R, 0) eM) : 
pu (R, h) 2n {A2 (R)—2(R) e—9/M®) [a+ (R)} - 


Let us attempt to analyze expressions (5) and (7) which we have obtained. 
First of all we should note that when h = O the attenuation function am (R, h) 


for a point isotropic detector must correspond to the attenuation function 
under conditions of good geometry. In practice this is easily achieved, for 
example, for a well collimated source of y-rays and for a detector with small 
dimensions (ref. 2). 

During the measurement of the neutron attenuation function G,., (R, bh) on 


the B-2 installation in various media, detectors of small dimensions were also 
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used. Therefore, the function an (R), which is equal to A (R) when h = 0, 


agrees with the attenuation function measured under conditions of good geometry, 
i.e., 


A(R) = Cie 74", (8) 
where =m is the total macroscopic cross section of neutron interaction with the 
material; Cj is a constant. 

Expression (5) also makes it possible for us to compute the buildup factors 
for the scattered neutron radiation B (R). They can be obtained most simply 


for a plane infinite unidirectional source of neutrons. Substituting expres- 
sion (5) into (2) and making use of expression (8), we find 


B R)==Ch8(R). (9) 
Finally, by using expression (2) we can construct the attenuation [250 


function Gq, (R, h) for a source of radius a as a function of h. It is easy 


to show that 


fe _ VOETHE FENG cos @ 
Gay, (Rh) =CA(R) \ ode ( e xR) dy. (10) 
0 v 


Let us illustrate this presentation by means of an example involving the 


attenuation functions G,, (R, h) measured on the B-2 installation in water 


using p3t (n, p) gist fast neutron detectors. Figure 6 shows the attenuation 
functions Coop (R), Gay (R, 0), of a narrow beam at the point computed by means 


of equation (6) in water for neutrons of the B-21 installation spectrum and 
for the P> (n, p) Sis detector. 

As we can see from figure 6, the function A (R) (triangles), computed by 
means of equation (6) agrees relatively well with the true attenuation function 


for a narrow beam. 


Table 2 presents the buildup factors (the buildup factor for a thickness 
of 16.5 em is assumed to have a unit value), computed by means of equation (9) 
and by exact integration of distributions Ggy (R, h) for an infinite plane 
unidirectional source according to equation (3). 


1 
For the pst (n, p) gi 3t detector, these functions coincide with the attenuation 
functions for neutrons of the fission spectrum (see above). 
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Goon (R), Gay (R, QO), Gaus 
relative units 


0 0 2 30 40 50 60 7 80 R,cm 
Figure 6. Attenuation function for neutrons of B-2 
installation in water using P3 (n, p) siz! detector: 


i, (R); 2, Gq, (R, 0); 3, narrow beam geometry; 


G 

=p 
4, points computed by equation (6). 

TABLE 2. RELATIVE BUILDUP FACTORS OF NEUTRONS SCATTERED IN 

WATER B (R) FOR AN INFINITE UNIDIRECTIONAL SOURCE OF NEUTRONS 


WITH A FISSION SPECTRUM MEASURED BY MEANS oF p>! (n, p) sist, 


Exact 


by means of 


equation (3) 


As we can see from the table there is a more or less satisfactory agree- 
ment between results computed by means of equation (9) and those obtained from 
exact integration by means of equation (3). 


Finally, figure 7 presents the attenuation functions Gy, (R, h) as a 
function of h, measured experimentally and computed by means of expression 
(10). It follows from figure 7 that there is reasonable agreement between 
experimental and computed data. 
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Gay (R, h), relative units 


Oo 0 aw 3x03 30 to 
A.cm 

Figure 7. Attenuation functions for unidirectional 

disk neutron source of B-2 installation in water 


for p3t (n, p) si detector: ———., experimental 
data; @, computed data obtained by means of equa- 
tion: (20). 


Conclusions 


1. The attenuation functions G3, (R, h) for the disk unidirectional 
source of neutrons with the B-2 installation spectrum in different shielding 
materials makes it possible for us to obtain information on the three- 
dimensional energy distribution of neutrons as well as on the angular dis- 
tribution of neutrons in these media. 


2. Under some assumptions (see above) the attenuation functions for [251 
unidirectional disk neutron sources in shielding materials may be used to 
obtain information on the attenuation functions for unidirectional point neutron 
sources. As a result it is possible to construct a source with any angular 
distribution of radiation emitted by it. 


3. The attenuation functions Gq. (R, h) make it possible to construct 
the attenuation functions Coop (R) for a plane infinite unidirectional source 


of neutrons with the B-2 installation spectrum in different shielding media. 
These functions in turn coincide with the following attenuation functions: 


(a) for a source of neutrons with the fission spectrum when the neutron 
energy is E > 2-3 MeV; 


(b) for a source of neutrons of the fission spectrum for all energy groups 
beginning with some thickness of the hydrogen-containing shielding; 
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(c) for Cos (R) Re, when the effective absorption cross section is greater 


than or equal to half of the total cross section for the interaction of fast 
neutrons with matter (for example, for neutrons having an energy of E > 3 MeV). 


4, The merit of the B-2 installation neutron source is its high intensity 
which makes it possible to study the spectral distribution of fast neutrons in 
various shielding media (ref. 12). The use of B-2 neutron sources is not asso- 
ciated with difficulties produced by the indefiniteness of source geometry 
which exists for other sources. 


In conclusion the author wishes to express his deep gratitude to A. I. 
Leypunskiy for valuable advise in the formulation of the problem associated 
with the investigation of neutron penetration of various media from unidirec- 
tional sources. The author also expresses his deep gratitude to I. I. 
Bondarenko, V. V. Orlov, V. I. Kukhtevich, Yu. A. Kazanskiy, B. I. Sinitsyn, 
Ye. S. Matusovich, B. P. Shemetenko, Sh. S. Nikolayshvili, V. P. Mashkovich 
and A, A. Abagyan for valuable remarks during the discussion of results ob- 
tained in the present work. 


The author also expresses his indebtedness to D. S. Pinkhasik and N. N. 
Aristarkhov for their great assistance in constructing the B-2 installation. 
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EXPERIMENTAL METHODS OF INVESTIGATING SHIELDING 
(RADIATION DETECTORS ) 


V. A. Dulin, Yu. A. Kazanskiy and Ye. S. Matusevich 


Introduction 


The development of nuclear power engineering places ever-increasing {251 
requirements on the accuracy of computing the biological shielding of nuclear 
reactors. For this reason it has become necessary to analyze not only the 
total dose beyond the shielding, but also the detailed characteristics (for ex- 
ample, the three-dimensional and energy distribution of neutrons and y-rays in 
the shielding, the angular and energy distribution of neutrons and y-rays [252 
on the surface of the shielding, etc.). At the present time, all modern 
methods of recording radiation are used in the investigation of three- 
dimensional, angular and energy distributions of radiation which has penetrated 
the shielding. 


The following general requirements must be satisfied by sensors of radia- 
tion ionization when they are used in the investigation of shielding: (1) a 
wide sensitivity range, because the study of three-dimensional distributions 


usually requires high radiation attenuations (of the order of 10?- of); (2) high 
detector "selectivity," i.e., the low sensitivity of y-detectors to neutrons, 
and vice versa. Indeed, in such materials as iron, when it is necessary to in- 
vestigate, for example, the transmission of fast neutrons, the sensor of fast 
neutrons must be insensitive to y-rays and to soft neutrons with a very large 
coefficient, because y-rays and soft neutrons are attenuated with the relaxa- 
tion length of }.25 cm, whereas fast neutrons are attenuated with a relaxation 
length A~7 cm; (3) small detector dimensions for measurements taken inside the 
medium; (4) the spectral distributions of neutrons and y-rays, which leave the 
shielding and which are in the shielding itself, are continuous and, as a rule, 
drop off as the radiation energy is increased. This last situation lowers the 
requirements for the resolving energy capacity of selected spectral instruments 
and makes it possible to use the matrix method with success for the transforma- 
tion of measured amplitude distributions into energy spectra. 


Exhaustive information on the transmission of radiation in shielding is 
contained in the angular energy distribution at each point of space for differ- 
ent geometries, in functions of anisotropy and in the energies of radiation 
sources. The ability to obtain such information is outside the limits of pos- 
sibility associated with experiment and theory and, in most cases, is not 
necessary. Thus, in developing computational methods, information which is 


372 


relatively incomplete is quite useful, for example, for three-dimensional dis-~ 
tribution of y-ray and neutron dose in shielding, the behavior of neutron fluxes 
with energies above a certain threshold, the angular distribution of y-ray and 
neutron fluxes on the surface of the shielding, etc. This makes it possible to 
apply rather simple and effective methods for the investigation of shielding-- 
methods associated with the utilization of dose chambers, threshold tracers, 
fission chambers and others. 


The Measurement of Integral Characteristics 


The Dose of y-Rays. Very early investigations on the attenuating proper- 
ties of shielding pertain to the measurement of radiation dose. This approach 
is associated with the fact that the dose has a very definite practical mean- 
ing, whereas the measurement of the dose is simpler and sometimes the only 
possible approach. The measurements of y-ray doses in homogeneous media have 
agreed excellently with the numerical computations carried out by the method of 
moments and have made the further experimental investigation of buildup factors 
in simple geometries quite superfluous. An extensive and exhaustive survey of 
dose measurements is given by G. Gol'dshteyn (ref. 1). 


A rather widespread and reliable method of measuring the dose of y-rays, 
which is not new, involves measurements by means of small ionization chambers 
which satisfy the Gray conditions. The theory of miniature chambers, their 
construction and characteristics are presented in detail in the monograph of 
K. K. Aglintsev (ref. 2). In addition to measuring the dose (which requires a 
chamber with air-equivalent walls), small chambers are used to study problems 
associated with heat liberation in the shielding. In this case the walls of 
the chamber are made of the same material as the medium (ref. 3). 


The most valuable properties of such chambers are their small size (which 
accounts for their wide application in the measurement of y-ray doses inside 
the medium) and their capacity to operate in fields of high power (up to 1000 
R hr). The chambers have low sensitivity to neutrons. Chambers which are 
carefully constructed do not lose their charge over a period of hundreds of 
hours, and therefore they can be used in fields of y-rays with power to 2 
0.01 R/hr. The latter situation makes it possible to measure the dose distri- 
bution in large shielding thicknesses when the power of radiation sources is 
constant. The characteristic features of the chamber include the time discon- 
tinuity between irradiation and the measurement of residual charge and the in- 
verse proportionality between exposure and power of the measured radiation 
field. 


The sensitivity of ionization chambers is proportional to their volume; 
therefore, in order to measure doses outside the shielding it is necessary to 
utilize large chambers (up to 100 liters) which operate in conjunction with a 
standard electrometer amplifier, for example, of the "Kaktus" type. A detec- 
tor of this type makes it possible to measure y-ray doses of the same order 
as the natural background. It is shown in reference } that ionization cham- 
bers with air-equivalent walls whose volume is 1 to 100 liters do not exhibit 
any noticeable degree of "hard operation." When large ionization chambers are 
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used to measure y-ray doses in the presence of neutrons, particularly thermal 


neutrons, there is a danger of ionization contribution by the yt (n, p) crt re- 
action because the cross section of this reaction is 1.75 barn for thermal neu- 
trons and is comparable with the scattering cross section of y-quanta by the 


atom, 


Recently there has been a wide application of dosimetry devices based on 
the application of scintillation counters. The scintillation y-dosimeter, 
which consists of an organic scintillator (anthracene, toluylene or plastic 
scintillators), joined by means of optical wave guides (or directly) to the 
cathode of a photomultiplier whose current is fed to an electrometer, has a high 
sensitivity and a satisfactory dose characteristic. The dose characteristic 
may depend on the dimensions of the selected crystals (ref. 5). However, for 
every crystal with a diameter of 100 mm and a height of 220 mm (terphenyl in 
polystyrene) the dose characteristic is practically the same as the character- 
istic of the anthracene crystal with a diameter and height of 6 mm (ref. 4). 


A typical problem characterizing the application of a scintillation cur- 
rent dosimeter is the measurement of angular and spatial distributions of scat- 
tered y-radiation from sources of different geometry (ref. 6). In these mea- 
surements anthracene crystals with a diameter from 6 to 12 mm and a thickness 
of 6 mm have been used. The light is transmitted to the cathode of the FEU-12 
photomultiplier by means of a long optical fiber made of plexiglas and used to 
decrease the perturbation of the medium by the case of the device. The current 
from the plate of the FEU is amplified by a standard electrometer amplifier of 
the "Kaktus” type which has several versions of the output unit. When an 
anthracite crystal with a diameter of 12 mm and a height of 6 m is used, the 


sensitivity of the entire device is 3-1074 R/hr per fission. The upper sen- 
sitivity limit may be varied over a wide range of photomultiplier voltages. 


The utilization of the scintillation current dosimeter with a large crystal 
makes it possible to carry out measurements of rather low intensity doses and 
at high y-ray energies. An example of this is the measurement of buildup fac- 
tors for y-rays with energies of approximately 6 MeV in a heterogeneous shield- 


ing (ref. 7). 


The basic shortcoming of such devices is the impossibility of measuring 
y-ray doses in the presence of neutrons. When utilizing current dosimeters, we 
should take into account their high sensitivity to temperature fluctuations, 
associated with the strong temperature dependence of photomultiplier dark 
currents. 


A rather successful method for improving the characteristics of a scintil- 
lation dosimeter is the method of summating the pulse amplitudes, first applied 
to measure the dose due to fast neutrons (ref. 8). Such an amplitude summator 
was used in the work of V. I. Kukhtevich and L. A. Trykov (ref. 9) for measur- 
ing the y-ray dose. The number of counts made by the amplitude summator is 
proportional to the sum of output pulse amplitudes. 
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Since the dark currents in the photomultiplier are produced by a [254 
large number of small pulses, the application of a summator with initial dis- 
crimination makes it possible to eliminate the noise background with practically 
no change in the dose characteristics and in the sensitivity of the device, 
which is equivalent to an increase in the sensitivity of the dosimeter. In this 
operating version the lower sensitivity limit is determined exclusively by the 


cosmic background radiation, and the measured effect may be of the order of 10° 
R/br. The upper limit which naturally depends on the dimensions of the scintil- 
lator, is approximately 0.1 R/hr for a standard toluylene crystal. 


We should note that the operating threshold of the amplitude summator (ap- 
proximately 3 with a linearity up to 130 V) may introduce a substantial error 
(up to 20-50 percent) in the measured dose when there is a noticeable variation 
in the radiation spectrum in the region of small energies at test points, for 
example, in the study of angular dose distributions. This conclusion may be 
reached on the basis of a sharp, almost exponential rise in the region of small 
amplitudes which suppresses most of the amplitude equipment distributions when 
measurements are made by means of organic scintillators. To eliminate the er- 
ror associated with the presence of a threshold, it is sufficient in most cases 
to count the number of recorded pulses, to multiply this number by the magni- 
tude of the threshold and add it to the measured effect. 


In principle it is possible to use the scintillation pulse dosimeter of 
y-rays to measure the dose of y-rays in neutron fields. In this case we must 
make use of the difference in the shape of proton and electron pulse amplitudes 
(ref. 10). The use of discrimination according to the form of amplitudes opens 
up the possibility of designing a universal dosimeter which would record the 
y-ray dose and the neutron dose simultaneously. 


The Neutron Dose. At the present time it is impossible to determine ac- 
curately the relative biological effectiveness of neutrons (RBE) as a function 
of the energy, because it depends on assumptions which have been adopted a 
priori on the type of damage to an organism, which serves as the basis. It 
also depends on the ratio of deep and surface doses, on the angular distribu- 
tion of neutrons in a phantom, etc. By combining the adopted propositions, 
variations of 5 to 30 in the ratio of RBE for thermal neutrons and neutrons 
with an energy of 1 MeV have been obtained (ref. 11). This situation regarding 
the values of RBE substantially complicates the construction of a neutron 
dosimeter. 


From the engineering point of view it is particularly difficult to build a 
detector which measures the dose in the region of slow and intermediate neu- 
trons. It is precisely these neutrons which are of paramount importance in 
many cases. Although a rather large number of fast neutron dosimeters is 
known, (see, for example, the survey in reference 12), only the tissue- 
equivalent (polyethylene) proportional counter is used for measuring the dose 
in shielding (refs. 8 and 13). The use of such a counter with an amplitude 
summator has produced good results. 
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Typical parameters of a polyethylene proportional counter! are as follows: 
for a threshold corresponding to neutron energy of 0.5 MeV, the ratio of neutron 
registration effectiveness to the y-ray registration effectiveness is more than 


10°, the sensitivity of the counter (diameter of 15 mm and length of 60 mm) is 
approximately 0.005 pulses/neutrons-cm~, the amplification factor of the elec- 


tronic circuit is approximately 10", when it is filled with ethylene the oper- 
ating voltage is approximately 2000-3000 V. The gas amplification mode places 
higher requirements on the stability of the high voltage. 


An isodose dosimeter is used for measuring the neutron dose beyond the 
shielding and for studying neutron scattering. This dosimeter is based on se- 
lecting the thickness of the moderator, which contains a boron counter. The 
effectiveness of such a device was thoroughly investigated in the range of neu- 
tron energies from thermal to 10 MeV (ref. 14). The results for neutron ener- 
gies from leV tol keV were particularly valuable. 


The characteristic of detector effectiveness almost corresponds to the/255 


dose curve.” Two versions of a dosimeter have been proposed: a cylindrical 
version (with a moderator thickness of 15 cm) and a spherical version (with a 
moderator thickness of 20 cm), which make it possible to measure the dose in- 
dependently of neutron energy with a maximum deviation of 40-50 percent. For 
the real neutron spectrum the error is substantially less. The advantage of 
the device is its high sensitivity to neutrons with almost zero sensitivity to 
y-rays, and the possibility of utilizing standard electronic equipment (the 
"Siren," "Chernik" and "Tyul'pan" type devices, and others). 


We should like to point out that the nature of neutron RBE, when neutron 
energy is greater than l MeV, makes it possible to utilize threshold neutron 
detectors when measuring the dose inside a medium. Such detectors, for exam- 


ple, may consist of the po2* fission chamber, type pol (n, p) si?t threshold 
tracers, etc., and such detectors are sufficiently accurate .° 


The Measurement of Neutron Fluxes. The technique of measuring spatial 
distributions of neutron fluxes in shielding does not differ in principle from 
the measurement of fluxes during the solution of other problems. We should 
only note certain special features associated with measurements in shielding, 
which place higher requirements on detectors: the necessity of measuring large 
changes in flux intensities; very large changes in the intensity ratio of 


y-rays and neutrons (from 1077 in heavy shieldings to 107-107 in light 


pData presented by V. K. Daruga and B. I. Sinitsyn. 
The dose curve was selected by the authors from the analysis of existing data 
published in the literature, taking into account the approved permissible doses. 
Data obtained by B. I. Sinitsyn and S. G. Tsypin. 
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shieldings) and in the ratios between the intensities of various neutron energy 
groups. 


Thus, in studying the transmission of fast neutrons in iron by means of 
fission chambers it is necessary to have a high order of separation of fission- 
able materiuls from impurities which break down into thermal neutrons. However, 
even if complete refinement is achieved, the results of the measurements may be 
incorrect due to the (ys f) reaction; the source of high energy y-rays may be 
the capture of neutrons (ref. 15). 


The same high requirements with regard to elimination of impurities which 
produce y-activity pertain to threshold tracers. We mention an interesting 
method of determining the relative activity of tracers by means of a scintilla- 
tion y-spectrometer (ref. 15). This method increases the sensitivity of detec- 
tors substantially as a result of an increase in their thickness and lowers the 
background of the interfering radiation by selecting a suitable energy interval 
for the spectrometer. 


In general the value of the effective detector threshold depends on the 
form of the neutron spectrum. As a rule, for fast neutrons, the effective en- 
ergy threshold is determined under the assumption that the neutrons inside the 
test medium are distributed according to the fission spectrum. Analysis car- 
ried out in reference 16 has shown that the value of the effective threshold 


depends very little on the form of the neutron spectrum. Thus, for a pl 


(n, p) gi°) detector (energy threshold of 0.9 MeV) the effective energy thresh- 
old over the fission spectrum is equal to 2.8 MeV, whereas the computed thresh- 
old for the spectrum in large thicknesses of light materials (hydrogen, 
beryllium, carbon) is equal to approximately 3 MeV. 


The Spectra of Gamma-rays 


At the present time the investigations on the spectral distribution of 
y-rays are carried on in two basic directions: 


(1) the procurement of data on the spectra of y-radiation sources (for ex- 
ample, reactors, volumetric y-ray sources, etc.); 


(2) the measurement of angular and spectral distributions at the boundary 
of the medium, which also describe the radiation sources and, on the other hand, 
are entirely necessary for computing shadow shielding, the penetration of y-rays 
in heterogeneous media, i.e., inthose problems which do not yet lend themselves 
to the analytical approach. 


The spectral distributions of y-rays inside homogeneous media, computed by 
the method of moments, for a large number of cases (refs. 17 and 18) 256 
agree well with experimental data (refs. 19 and 20) for y-ray source energies 
of 0.5-1.5 MeV. It is expedient to carry out the measurement of spectral dis- 
tributions inside media by using a y-ray source with an energy of 4-10 MeV, 
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i.e., in that region of energies where the calculations in reference 17 do not 
take into account the formation of retarding and annihilation y-radiations, 
and with y-ray sources of a wide energy range in some special cases, for exam- 
ple, in air (ref. 18). 


The most widespread detector for investigating the spectra of y-rays is 
the single crystal scintillation y-spectrometer with a NaJ (T1) erystal. In- 
deed, such spectrometers are of relatively simple design, have a satisfactory 
energy resolution and, what is most important, a high effectiveness. Many 
works are devoted to the problem of investigating the characteristies of a sin- 
gle crystal scintillation y-spectrometer. Of these we shall only mention ref- 
erences 21-25. 


The disadvantage of the single crystal scintillation spectrometer consists 
of the fact that the y-quanta with a single energy correspond to a continuous 
spectrum of pulse amplitudes. This requires a mandatory transformation of mea- 
sured amplitude distributions into energy spectra, particularly when measure- 
ments are made in shielding media, where the energy distributions are of a 
continuous nature. On the other hand, the continuity of investigated y-ray 
spectra makes it possible to neglect corrections for energy resolution. 


In the general case the problem of transforming amplitude distributions 
into energy spectra is reduced to the solution of an integral equation by means 
of a direct or inverse matrix (ref. 22). In order to construct the matrix we 
must have information on the forms of pulse amplitude distributions, which de- 
pend on the energy of y-radiation, forms and dimensions of the crystal, source 
geometry, collimation conditions, etc. 


In a series of works (refs. 22, 25 and 26) the forms of the pulse amplitude 
distributions were established experimentally, i.e., the equipment spectra of 
pulse amplitudes were measured during the registration of monoenergetic 
y-quanta. Many works (refs. 21, 23 and 27) are also devoted to computational 
methods for determining the form of pulse amplitude distributions. 


The computations carried out by the method of "random" Monte Carlo tests 
cover a wide range of y-ray energies and crystal dimensions. Basically they 
can be divided into two groups: calculations for the case of the unidirec- 
tional y-ray beam which falls on the center of a cylindrical crystal (ref. 23) 
and for the case of normal y-ray incidence on the end of the crystal (ref. 27). 


The advantages of the experimental method for determining the form of pulse 
amplitude distributions is associated with the fact that in this case the multi- 
ple secondary effects are taken into account automatically. Such effects, for 
example, are scattering in the collimator, absorption and scattering in the 
packing of the crystal, reverse scattering, geometry of the experiment, etc. 

The limitations of this method are associated with the fact that there are few 
convenient monoenergetic sources in the region of energies above 2.5 MeV with- 
out the accompanying radiation (retardation, scattered neutron, etc.). Below 
the energy of 2.5 MeV, the experimental determination of pulse amplitude dis- 
tribution forms is substantially simpler than the analytical determination, 
particularly when we are investigating the spectra of y-rays from nonpoint 
sources (for example, ring geometry, and the absence of collimation). 
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At the present time the literature contains a sufficient number of computed 
and experimental data which may be used to select the form of amplitude distri- 
butions for the particular crystal. The problem of selection is substantially 
simplified, because the forms of amplitude distributions are relatively unaf- 
fected by the form and dimensions of the crystals. 


In regard to effectiveness, the situation is somewhat more complex. In 
the range of energies below 2.5 MeV the effectiveness is usually determined from 
the photo peak. Although the effectiveness determined from the photo peak depends 
critically on the dimensions of the crystal and on the energy of the y-radiation, 
there are many methods (ref. 25) for a reliable determination of ef- [25T 
fectiveness. We should like to point out a rather simple and reliable method 
presented in reference 28, which utilizes the scattering of y-quanta by a free 
electron at various angles where the energy and intensity of the y-quanta are 
easily computed. 


In the region of y-ray energies above 3 MeV the very concept of effectiveness 
is not determined in the same manner by various authors. Thus, in reference 22 
the effectiveness is determined as the total probability of y-quantum interaction 
in a crystal, which is meaningful when we process the equipment spectra by means 
of the inverse matrix. In reference 27 effectiveness according to the photo peak 
was determined up to an energy of 8 MeV; this method of determining effectiveness 
for high energies is difficult in practice, because the photo peak merges with 
the Compton distribution and with pair peaks. For large crystals (with a diameter 
of 70-100 mm and a height of 100 mm) and for poor energy resolution (the pair 
triad is not clearly resolved), it is meaningful to determine the effectiveness 
from the number of pulses recorded as a result of total absorption with the 
emission of one or both annihilation y-quanta. 


When the spectra of y-rays are measured by means of spectrometers with NaJ 
(TL) crystals in mixed fields, a question arises concerning the background pulses 
due to neutrons which have entered the crystal (capture y-radiation, of the re- 
coil mucleus). In the measurement of y-rays having energies above 1 MeV, the 
basic role in this background is played by y-rays of neutron capture in iodine, 
whose capture cross section even for neutron energies of approximately 1 MeV 
is 0.1 barn. Depending on the conditions of the experiment and on the formu- 
lated problem, this background may be of paramount importance even when the 
ratio of y-rays to neutrons is 1:1. We can propose the measurement of capture 


y-ray background radiation from the residual ee B-activity which has a con- 
venient period for measurements. When measuring y-rays with an energy below 
0.5 MeV, we should take into account the possibility that pulses due to the re- 
coil nuclei of sodium will appear. 


The Spectra of Neutrons 
Data on the energy distribution of neutrons in shieldings are of interest from 
the standpoint of the biological dose due to neutrons, the origin of capture y- 


radiation, activation, heat liberation, etc. If the computation of capture y- 
radiation requires such information on the neutron spectrum in the region of low 


ei p 


energies, then it is important to know the spectrum of fast neutrons to compute 
the penetration of neutrons through the medium. 


A device that could measure the spectra of neutrons over the entire energy 
region does not exist. The methods which are widely used to measure the neutron 
spectrum in shielding utilize thermal, resonance and threshold tracers, He 3 
chambers and integral methods of recoil nuclei with the utilization of ionization 
chambers and scintillation counters. 


The main advantages of tracers for taking measurements in the shielding con- 
sist of their total insensitivity to y-rays and the possibility of utilizing them 
in large numbers to obtain the three-dimensional distribution of neutrons. When 
selecting a tracer for measuring neutrons in a definite energy region, we should 
take into account the half-life of the reaction product, the value of the cross 
section and also the presence of possible impurities involving other elements as 
well as of other reactions involving the element of interest to us or its isotopes 
(if these exist). 


The basic activity of the tracer is separated from activities due to other 
reactions and impurities according to the half-life period. In some cases it is 
not possible to do this, if the periods for the half-life of activities are close 
or if they coincide. Thus when measuring high energy neutrons in hydrogen- 
containing media it is not possible to separate the 5-min activity of the Cu D 


(n, ¥) CuS6 reaction from the 10-min activity of the Cu63 (n, 2n) cue2 , 
From the standpoint of separating extraneous activities, the tracers [258 


B'-decay occurring during reactions (n, 2n) are most convenient. The y-radiation 
with energy of 511 keV, which occurs during the annihilation of the positron, is 
measured by means of a scintillation y-spectrometer. At this time it is also 
relatively easy to determine the absolute number of captures in the tracer. 


In evaluating the energy distribution of fast neutrons in shielding, a col- 
lection of tracers with different thresholds is used. It is convenient to know 
the relative number of reactions in the collection of tracers for a stream of 
monoenergetic neutrons or for neutrons with a known spectrum (refs. 29 and 30). 


Thus the collection of threshold tracers Cu©3 (n, 2n) cu?; sp* (n, on) sv; 


Fe” (n, p) in?©, ai? (n, p) Me"; pst (n, p) si3t, which were utilized in ref- 
erence 29, was activated in a stream of neutrons with an energy of 15 MeV. 


Usually the resonance tracers can be “associated” with the thermal region 
which eliminates many difficulties associated with information on the absolute 
output of B-particles from the tracer, with the effectiveness and geometry of the 
B-counter and others. By activating the same collection in an unknown spectrum 
and knowing the relationship between the cross section of each tracer and energy, 
the matrix method of processing the tracers or the method of successive approx- 
a may be used to find the spectral distribution of neutrons (refs. 29 and 
30). 
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The disadvantage of threshold tracers is their low sensitivity to neutrons 
and the large difficulties associated with processing the results. Inexact in- 
formation on the variation of the tracer cross sections as a function of energy 
introduces a large error in the determination of the neutron spectra. Further- 
more, the repeated utilization of tracers with a large half-life is frequently 


impossible (the 332 (n, p) p32? reaction with T = 14 days). 


1/2 
In the region of neutron energies from 0.2 to 2 MeV the spectrometer may 


consist of a small ionization chamber filled with He? and Ar (ref. 31). The 


reaction He? (n, p) T takes place witha liberation of energy Q = 760 keV. Its 
eross section is well known. For neutrons with energies less than 1 MeV the form 
of the equipment spectrum has a simple interpretation, for large energies it is 
necessary to use the matrix method. The fabrication of a chamber and its filling 
with helium at a pressure of several atmospheres is a rather difficult problem. 
In addition, the practical application of the chamber for measurements in the 
shielding is difficult due to its high sensitivity to thermal and resonance neu- 
trons. For the energy resolution of the thermal peak which can be obtained in 
practice (approximately 10 percent) this leads to its distribution over a region 
covering several hundred keV. 


Hydrogen-containing ionization chambers which make it possible to measure 
neutron spectra in the region from 0.3-0.4 to 3-4 MeV are more common. To ob- 
tain the neutron spectrum from the equipment spectrum a differentiation tech- 
nique is used. When efforts are made to measure large neutron energies, a 
substantial role is played by the wall effect, which impairs the energy re- 
solution and does not make it possible to use the differentiation technique. 
The sensitivity of hydrogen-containing ionization chambers to neutrons is a 
quantity of the order of 1 percent and is very small with respect to y-rays. 
The construction of large ionization chambers with pressures measured in tens 
of atmospheres, for the purpose of decreasing the role of the wall effect en- 
counters technical difficulties; the presence of the background y-radiation is 
more pronounced for large chambers and for large gas pressures. 


From the standpoint of the wall effect, energy resolution, dimensions and 
effectiveness, hydrogen-containing organic scintillators are rather convenient. 
Their utilization as neutron detectors and as spectrometers has been rather lim- 
ited to date due to their high sensitivity to y-rays. Thus a toluylene crystal 
has approximately the same effectiveness with respect to neutrons with energies 
of 2 MeV and y-rays of the same energy. 


The development of methods for discriminating against y-rays (refs. 10 and 
32) has made it possible to utilize a toluylene crystal as a spectrometer for 
fast neutrons (2 1 MeV). One method of measuring the spectrum of fast [259 
neutrons consists of utilizing a single crystal scintillation spectrometer with 
discrimination against y-rays during the scintillation time (ref. 33). The 
energy distribution of such a spectrometer with the mass-produced FEU-11 photo- 
Ia //E ook and a toluylene crystal with dimensions of 20 X 30 mm is equal to 
15/ E percent, which constitutes 15 percent and 4 percent for neutrons with 
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energies of 1 and 15 MeV, respectively. The effectiveness of such a crystal as 
a neutron counter for energies of several MeV is 10 percent, and its effective- 
ness as a spectrometer is one order less (due to the necessity of using the dif- 
ferentiation technique when processing the equipment spectra). 


The known linearity of the light output from the toluylene crystal V (E) as 
a function of proton recoil energy constitutes an additional difficulty in ad- 
justing the spectrometer and processing the equipment spectrum. In processing 
the spectrum it is also necessary to know the variation in the derivative of 
the crystal light output as a function of recoil proton energy. According to 
the Birks theory (ref. 34), this relationship is expressed in terms of the ioni- 
zation density dE/dx and the parameter KB, which characterizes the probability 
of scintillation quenching in the crystal. This parameter KB may vary by 50 


percent for various crystals. 


In determining the KB for a specific crystal it is not necessary to plot 
the relationship V (E) for many neutron energies. Having recorded the equip- 
ment spectrum of the monoenergetic neutron beam, for example, with an energy of 
14-15 MeV (the T (D, n) reaction), it is sufficient to select a value for KB 
so that the corresponding derivative of the light output provides for the trans- 
formation of the equipment spectrum of recoil protons into an ideal "step." 


The utilization of large crystals is difficult due to the presence of mul- 
tiple scattering and the impossibility of utilizing a simple technique for proc- 
essing equipment spectra in this case. For a toluylene crystal with dimen- 
sions of 20 X 30 mm the effect of multiple scattering begins to take place at 
energies of less than 2 MeV. 


Due to the statistical nature of crystal scintillation and the fluctuation 
in the number of photoelectrons from the photocathode, the leading edges of 
voltage pulses from recoil protons and electrons are spread. Therefore, the 
minimum energy which is measured in the spectrum (the spectroscopic threshold 
of the spectrometer) depends on the degree of y-ray suppression. We may assume 
that all of the discrimination schemes described in the literature (refs. 10 
and 32) provide approximately the same relationship between the spectroscopic 
threshold and the degree of y-ray suppression. Thus, when the y-ray count de- 


ereases by a factor of 107 ana 10", the spectroscopic threshold is equal to 0.8 
and 1.5 MeV, respectively. It should be pointed out that charges should not ex- 
ceed several kHz (kcps). For large charges the variation in the spectroscopic 
threshold as a function of y-ray suppression deteriorates due to the superposi- 
tion of pulses from the y-rays. 


In conelusion we make the following remarks. The utilization of spectrom- 
eters (both neutron and y-ray) is particularly expedient in the study of angular 
energy radiation distributions leaving the shielding. However, in this case we 
have a nontrivial problem of detector collimation. Although the question of y- 
ray collimation has been studied more or less (ref. 21) from the standpoint of 
distortions introduced by the collimator into the measured spectral distribution, 
the method of determining the absolute effectiveness of a collimator in the case 
of an inexact source has not been worked out in general. The problem is further 


362 


complicated during the collimation of neutrons due to large values of the albedo 
from any substance and due to small interaction cross sections compared with those 


of y-rays. 


The author takes this opportunity to express his deep gratitude to A. I. 


Abramov, V. I. Kukhtevich, V. P. Mashkovich, V. I. Popov, B. I. Sinitsyn and 
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work, 
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COUNTERS AND DOSIMETERS FOR INVESTIGATING SHIELDING 
AND THE SHIELDING PROPERTIES OF MATERTALS 


V. N. Avayev, G. A. Vasil'yev, Yu. A. Yegorov, 
V. A. Kucheryayev, Yu. V. Orlov, Yu. V. Pankrat'yev and 
Ye. A. Panov 


At the present time the most diverse materials and their combinations [260 
are used for reactor shielding; the shielding properties of materials as well of 
their combinations do not always lend themselves to computation. At the same 
time, when part of the reactor equipment is used for its shielding it is not 
possible accurately to compute the attenuation of radiation in the reactor. 

For this reason the shielding properties of materials and their combinations 
have to be studied experimentally, and the design of shielding must be checked 
by using a prototype or an existing installation. 


When the shielding properties of materials and their combinations are stud- 
ied, the following quantities are usually determined: the attenuation coef- 
ficients for fluxes of y-quanta and neutrons of various energies; power atten- 
uation coefficient for the dose of y-radiation and fast neutrons; the output 
and spectrum of the capture y-radiation; the activation of materials in the flux 
of neutrons and the deformation of the y-radiation spectra of neutrons during 
penetration through the material. 


As a rule these same quantities are measured when investigating a completed 
shielding or its prototype. Measurements of these quantities are carried both 
under conditions of barrier geometry as well as under conditions which are close 
to "semi-infinite" geometry. Devices manufactured by plants such as type SP y- 
radiation dosimeter, KPN-1 radiometer and others cannot always be used for /261 
measurements of this type. Therefore we fabricated several devices which we de- 


scribe below. 


Scintillation spectrometers are used to investigate the spectral composition 
of y-radiation and neutron fluxes. The descriptions of spectrometers are pre- 
sented in references 1-}. 


The problem of radiation penetration through slits and hollows in shielding 
becomes particularly significant in designing complex shielding. Special equip- 
ment, described in reference 5, has been developed to study this problen. 


Scintillation counters are used to study the attenuation of fluxes due to 
Y-quanta as well as those due to fast and slow neutrons and in most cases are 
fabricated in two versions: with large and small dimensions. Small counters 
are designed to take measurements under conditions of "semi-infinite" geometry. 
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The scintillation counter for y-quanta is used to study the attenuation of 
y-quanta flux of given energy and in essence consists of a single crystal scin- 
tillation y-spectrometer. An FEU-11B photomultiplier with an NaJ (TL) spectrom- 
eter crystal with diameter and height of 40 m is mounted in the counter sensor. 
The crystal and the photomultiplier are placed in a lightproof case with thin 
aluminum walls. The cathode follower is also placed in the case. During the 
measurements the sensor is placed in a lead collimator. The signal from the 
counter is transmitted to linear pulse amplifiers through the cathode follower 
and after amplification is fed to a single channel differential pulse amplitude 
analyzer, whose channel width can be controlled over a wide range. The number 
of pulses is recorded by the counting circuit. 


Before the counter is used to take the measurements, the y-spectrum of the 
radiation source is taken and the position of the pertinent y-line is determined 
in the analyzer channels. Then the respective threshold and width of the ana- 
lyzer channel are set and measurements are carried out without changing them. 


A method of this type makes it possible to create conditions which are 
close to "good geometry” without special collimation, and to study the atten- 
uation of a narrow energy group of y-quanta. 


The scintillation counter for measuring fast neutron fluxes consists of a 
FEU-11B photomultiplier, whose photocathode contains a plastic ZnS (Ag) + plexi- 
glas scintillator (with a diameter of 30 m and a height of 10 m). The minia- 
ture version of the fast neutron counter is assembled with a FEU-31 photo- 
multiplier and a plastic scintillator of the same composition (with a diameter 
of 16 mm and a height of 10 m). The signals from the counters are transmitted 
to the recording equipment through cathode followers, and in the minia- [262 
ture version of the counter the cathode follower uses a 6Zh1B tube. The appli- 
cation of a miniature photomultiplier and tube has made it possible to achieve 
small dimensions for the sensor: a diameter of 27 mm and a length of 275 m 
(fig. 1). This makes it possible to utilize it in the "semi-infinite" geometry. 


ae. ‘hoes day 


Figure 1. External view of small scintil- 
lation counter (case removed). 
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The sensor with the plastic scintillator is designed to study the attenua- 
tion of neutron flux with energy of 2 2 Mev,1 and when recording the neutron flux 
with a y-radiation background the pulses from the latter are chopped off by se- 
lecting a corresponding threshold of the integral analyzer connected to the re- 
cording circuit of the counter. In order to select the necessary threshold of 
the analyzer, the sensor is placed in a y-field with a dose power of 200 pR/sec, 
and a threshold is selected in such a way that the pulses from the y-quanta are 
60 


not recorded. Usually the y-field is produced by means of a Co source. 
A relatively large scintillation counter of fast neutrons can be placed in 

@& collimator made of paraffin and boron carbide during the measurements. When 

measurements are made in a barrier geometry, a minature sensor with a collimator 

is used. On the other hand, when measurements are made in a "semi-infinite" 

geometry, the sensor is placed in special openings in the shielding and up to 

10 sensors are used simultaneously, depending on the dimensions of the shielding. 


The fast neutron scintillation counter (fig. 2), which is analogous to the 
one described, is used as a "monitor" during reactor measurements. The scintil- 
lator is attached to the FEU-29 photomultiplier which is installed in a standard 
case for the type VSF high voltage rectifier. The sensor is mounted on a tripod 
whose height can be regulated. During the measurements sensors without a col- 
limator are used. 


In the case where the dimensions of the test shielding, or some other 
reasons do not permit the placement of even miniature counters inside the 
shielding, a sensor is used which contains a plastic optical fiber between [263 
the scintillator and the photomultiplier (fig. Ss The length of the optical 
fiber may reach 60 cm. A further increase in the length of the optical fiber 
makes the measurements very difficult, because the light flux at the photo- 
cathode is substantially decreased (ref. 6). The optical fiber has a diameter 
of 10 mm and has a light collector at the end facing the scintillator (ref. 7). 
The diameter of the plastic scintillator is the same as the diameter of the op- 
tical fiber. The optical fiber with the scintillator is placed in a thin-walled 
aluminum tube. The sensor with the optical fiber has been used, for example, 
to measure the distribution of fast neutrons in water behind a steel plate. 


A scintillation counter with a toluylene crystal (diameter of 30 mm, height 
20 mm) is used to measure the flux of fast neutrons in the energy range from 1 
to 10 MeV. Discrimination against the background y-radiation is achieved by 
adopting a scheme proposed in reference 8, which uses the difference in the 
scintillation time of the toluylene crystal during irradiation by protons and 
electrons (ref. 9). 


1a large number of experiments on the reactor have shown that the effective 
threshold of the sensor with the ZnS(Ag) + plexiglas scintillator coincides 


with the effective threshold of the p> (n, p) $i3l reaction. 
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Bays 


Figure 2. External view of fast neutron counter monitor. 


The block diagram of the fast neutron counter is shown in figure 4. The 
effectiveness of recording neutrons in the energy range of 1-10 MeV is equal to 
10-2 percent, respectively, whereas the effectiveness of recording y-quanta is 


approximately 10" times less. The total maximum loading of the counter must not 


exceed 10° pulses/sec. The fast neutron counter with a toluylene crystal is uti- 
lized in measurements on the nuclear reactor. 


The slow neutrons scintillation counter also consists of two versions: a 
sensor of relatively large dimensions and a small sensor. In the first version, 
the type FEU-29 photomultiplier is used, whereas in the second version the type 
FEU-31 photomultiplier is used. The scintillator in the slow neutron counters 
consists of glass whose composition is Li,0-35i0, (ref. 10), and the recording 


6 


of slow neutrons is achieved by means of the Liv +n 7@ + H3 reaction. In our 


sensors we utilized glass enriched 100 percent with Lio, The dimensions of the 
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Figure 3. Schematic cross section (upper drawing) and the 
external view (lower picture) of fast neutron counter with 
optical waveguide: 1, scintillator; 2, optical waveguide; 
3, optical waveguide tube; 4, reflector; 5, photomultiplier; 
6, photomultipler case. 


c 
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Figure 4. Block diagram of fast neutron counter 
with toluylene crystal: 5S, radiation source; C, 
crystal; FEU, photomultiplier with circuit for 
discriminating against the y-background radiation; 
CF, cathode follower; LA, linear amplifier; ID, 
integral discriminator; C, counter. 


scintillation glasses were as follows: thickness (in both cases) 3 mm, diameter 
of 25 and 20 mm, respectively. The dimensions of the small sensor are the same 
as the dimension of the sensor for the fast neutron counter with the FEU-~31 
photomultiplier (fig. 1). 


A slow neutron counter utilizing the FEU-35 photomultiplier was constructed 
for taking measurements under conditions of "semi'infinite” geometry. The ex- 
ternal diameter of this counter's case is 40 mm, and its length is 140 mn. /264 
A sensor of this type, for example, was used to measure the distribution of 
thermal neutrons in polyethylene (ref. 11). 


During measurements the slow neutron counter is connected to a circuit with 
a single channel analyzer whose channel width can be controlled over a wide range. 
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In this scheme we utilized a standard single channel AADO-1 analyzer. Before 
measurements are made, the amplitude distribution of counter pulses is read and 
the threshold and analyzer channel width are selected in such a way that only 
those pulses are recorded whose amplitude corresponds to the peak in the distri- 


bution. 


For measurements in the barrier geometry the slow neutron counter is placed 
in a collimator made of cadmium and boron carbide. The case of the collimator 
is made of cadmium with a thickness of 1.5-2 mm, and the boron carbide is poured 
inside between the cadmium walls. The thickness of the boron carbide layer is 
approximately 5 cm. The use of a collimator whose composition contains an ef- 
fective moderator is not permissible, because this leads to the distortion of 
true results. A cadmium shutter which can be lowered to cover the opening in 
the collimator by means of a cord is attached above the collimating opening. 

By taking measurements with a lowered and lifted shutter the cadmium ratio in 
the flux of neutrons behind the shielding may be measured. 


The collimator with the sensor is attached to a portable lifting device 
with a rack (fig. 5) so that the sensor can be moved in the vertical direction. 
This is necessary when measuring the distribution of slow neutron flux behind 
the shielding of a plane source, which is nonhomogeneous along the vertical di- 
rection. The height of the sensor is measured by means of a scale installed on 
the rack. 


Figure 5. External view of thermal neutron counter 
in collimator on vertically adjustable device. 
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The sensitivity of the slow neutron counter to y-rays is usually controlled 


by taking the amplitude distribution of pulses from the y-radiation of zn? of 


60° » i.e., from y-quanta with energies of 1-1.25 MeV. In spite of the fact 
that during measurements, for example, with a Po + Be source or on a reactor, 
there are y-quanta with energies of }. 46 MeV present in the first case, and 
vY-quanta with energies up to 7-10 MeV in the second case, a control of this type 
is sufficient. 


This is confirmed by the following considerations. The specific weight 


of the scintillation glass is approximately 2.5 g/om>, i.e., in its y-radiation 
absorption properties glass is close to aluminum whose specific weight is [265 


2.7 g/cm. The value of y-radiation attenuation coefficients of aluminum for 
these energies is less (see table below) than for y-radiation with an energy 
of 1-1.25 MeV (ref. 12), i.e., with all other conditions equal (which can thus 
be maintained by control), the number of recorded y-quanta with energies of 
4.5-10 MeV will be at least two times less than the number of recorded y-quanta 
with energies of 1-1.25 MeV. 


In addition, the mean free path length of electrons with energies of 45- 
10 MeV in aluminum is 8.5-19.2 m (ref. 12), whereas for electrons with energies 
of 1.25 MeV the mean free path length is equal to 2.02 mm. Consequently, the 
light flashes produced by the absorption of y-quanta of higher energies are, on 
the average, smaller in amplitude than the light flashes during the absorption 
of y-quanta with energies of 1.25 MeV, because the greatest part of secondary 
electrons in the scintillator is not completely retarded. An effect of this 
type can be observed even when measurements are made with the y-radiation of 


Na"*(B, = 2.76 MeV), even though the attenuation coefficient for the -radiation 


of Na@* (p = 0.1 em-1) and the mean free path length of secondary electrons with 
corresponding energies (R = 4.75 mm) are closer to the analogous values for the 
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y-quanta of Zn and go°°, 

However, in a series of cases when the flux of y-quanta substantially ex- 
ceeds the flux of slow neutrons, the number of y-quanta counts becomes comparable 
with the number of slow neutron counts. When measurements are made under these 
conditions, in order to eliminate the background y-radiation a bismuth screen 
with a thickness of approximately 100 mm is installed in the counter along the 


ABSORPTION COEFFICIENT AND FREE PATHS R OF 
ELECTRONS IN ALUMINUM FOR DIFFERENT ENERGIES. 


E,, MeV | B, em-1 | R m | E,, MeV a wp, cm-L 
1.25 0.149 2.02 0.069 
15 0.079 8.44 0.062 


path of the flux. When the results of measurements are processed, a correction 
is introduced for the attenuation of the neutron flux by the bismuth (ref. 1). 


The all-wave neutron counter is used to establish the attenuation law for 
the flux of neutrons with energies from zero to the maximum value in the spectrum 
of the source. The all-wave neutron counter utilizes a SNM-5 gas discharge 
counter filled with the BF gas. The SNM-5 counter is placed in a paraffin cyl- 


inder whose wall thickness is 80 mm. The end of the counter is covered with a 
cadmium cap whose thickness is 1.2 mm. The end of the paraffin cylinder facing 
the source contains eight depressions (with a diameter of 20 mm and a depth of 
80 mm) for smoothing out the variation in the effectiveness of the counter as a 
function of neutron energy in the region of small energies. We note that the 
variation in the effectiveness of an all-wave counter as a function of neutron 
energy was not investigated by us; however, since the construction of our 
counter is close to the construction of the counter described in reference 13, 
we may assume that the variation in effectiveness as a function of energy is the 


same. 


The paraffin cylinder is wrapped withacadmium layer 2.5 mm thick on the 
outside and is placed in a shielding cylindrical screen made of paraffin with 
boron carbide. The signal from the SNM-5 counter is preamplified in a pre- 
amplifier located right at the counter and is transmitted by means of a coaxial 
cable to the amplifier and the integral discriminator. The y-background radi- 
ation is eliminated by selecting the corresponding threshold for the operation 
of the discriminator, which is achieved by placing a source of y-radiation 


(usually co?) close to the all-wave counter to produce a dose power of 200 
UR/sec at the SNM-5 counter. 


The all-wave counter together with the preamplifier is placed on a light 
cart. The height of the counter with respect to the floor may be varied in 
discrete steps by means of a rod. 


A fast neutron dosimeter is used to measure the attenuation of [266 
fast neutron dose power in test materials and for measuring the dose power of 
fast neutrons behind the shielding. Based on the results presented in references 
14 and 15 which showed that liquid and plastic organic scintillators may be used 
for the dosimetry of fast neutrons, we fabricated a scintillation dosimeter 
with a plastic scintillator (polystyrene + terphenyl + Roror), installed on the 
FEU-25 photomultiplier, The scintillator consists of a sphere with a diameter 
of 38 mm which has a cut section along the diameter of the FEU-25 photocathode. 
The optical contact between the scintillator, and the photocathode is achieved 
by means of mineral oi1. The photomultiplier and the scintillator are placed 
into a thin-walled aluminum case, 


The photomultiplier current is integrated at the input of the scheme and 
is amplified by a de current amplifier. The sensitivity of the dc current 
amplifier is controlled by varying the resistance in its input circuit. The am- 
plified current of the photomultiplier which is proportional to the dose power 
of fast neutrons, is measured withan M-2) microammeter connected to the plate 
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circuit of the de current amplifier. When the supply voltage to the photomaéati- 
plier is 1350 V, the maximum sensitivity of the dosimeter is 0.5 millionth of 

the physical equivalent of R/sec per division of the device. The photomultiplier 
is powered by a cascade voltage multiplier which uses the ABC-5-la selenium 
stacks; the voltage is stabilized by means of a voltage-stabilizing tube. Before 
measuring the dosimeter is calibrated in a flux of fast neutrons from the Po + Be 
source, 


The fast neutron scintillation dosimeter of this type has one substantial 
shortcoming, specifically that the dosimeter is equally sensitive to fast neu- 
trons and to y-quanta. For this reason measurements in the presence of back~ 
ground y-radiation must be carried on with two dosimeters simultaneously-- with 
a fast neutron scintillation dosimeter and with a y-dosimeter insensitive to 
fast neutrons. Furthermore, the y-dosimeter must have a "hard operation," which 
is the same as the “hard operation" of the neutron dosimeter. The type SP y- 
dosimeter with a 1 liter ionization chamber and with thin aluminum walls (ref. 
15) satisfies the necessary requirements. The result of the measurements, i.e., 
the dose power of fast neutrons, is obtained in the form of the difference be- 
tween the readings of the scintillation neutron dosimeter and of the y- 
dosimeter reduced to the same current. 


The effect of background y-radiation on the dosimeter reading may also 
be eliminated by carrying out additional measurements using a bismuth screen 
(ref. 1). 


A scintillation y-dosimeter without “hard operation" is used to measure 
the dose powers of y-radiation in place of ionization y-dosimeters, since, in 
the first place, the dosimeter has no "hard operation" and, in the second place, 
it has a rather high sensitivity with a substantially smaller sensitive volume. 
As shown in reference 16, in order to eliminate the effect of y-quanta energy 
on the sensitivity of a scintillation dosimeter, the latter uses a combined scin- 
tillator composed of an organic and an inorganic scintillator. For this purpose 
an organic plastic scintillator based on polystyrene with an addition of ter- 
phenyl and Roror and an inorganic CsJ(T1) crystal scintillator is used. 


The plastic scintillator is fabricated in the form of a cylinder with a 
diameter and height of 50 mm. A hole with a diameter of 10 mm is drilled along 
the axis of the cylinder to its center, and a CsJ(T1) crystal with a volume of 


15 com> is placed into this hole. At the top the hole is covered with a plug 
made of the plastic scintillator. To improve the optical contact, all of the 
touching surfaces of the scintillators are lubricated with mineral oil. On the 
outside the scintillator is covered with a reflector. A scintillator of this 
type is mounted on the FEU-29 photomultiplier, whose current is fed to a de 
current amplifier when carrying out measurements. The de current amplifier has 
seven sensitivity ranges (ref. 17): 0.3, 1.5, 9.5, 30, 150, 750 and 3-103 
UR/sec for a midscale reading of the M-2h device connected to the plate circuit 
of the de current amplifier. The minimum measurable power of y-radiation dose 


is equal to 2-1073 UR/sec, i.e., the sensitivity of the dosimeter varies /267 
by a factor of more than 10° by merely switching the ranges. 
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To eliminate zero drift the power supply for the de current amplifier is 
stabilized. It has been observed during the operation of the dosimeter that the 
zero drift during two hours does not exceed 1 scale division when operation is 
carried out in the first range. The external view of the y-dosimeter is shown 


in figure 6. 


The FEU-29 photomultiplier is powered from a cascade multiplier stabilized 
by means of the SG-5B voltage-stabilizing tube. The sensor of the dosimeter is 
isotropic with respect to sensitivity, and therefore the dosimeter is usually 
used without a collimator during measurements. If, on the other hand, colli- 
mation is necessary in the course of the experiment, the sensor is placed in a 
lead collimator whose output opening has a diameter of 50 mm; this dimension 
cannot be decreased, because the dosimeter operates without the hard mode only 
in the case when the flux of y-quanta streams over the scintillator. 


The dose power of y-radiation inside a hollow cylindrical source of y- 
radiation is measured by means of the second version of the scintillation y- 
dosimeter without "hard operation." The second variation of the dosimeter 
differs from the first in the dimensions of the scintillator and is placed 
in a special collimator during measurements. The diameter of the plastic scin- 
tillator is 30 m and its height is 25 mm. The volume of the CsJ(T1) crystal 


is 0.85 em>, ‘The collimator consists of a steel cylinder (fig. 7) with the 
dosimeter sensor situated inside it, such that the lower edge of the collimator 
coincides with the surface of the photomultiplier photocathode. A cast iron 
plate is attached to the bottom of the cylinder by means of steel rods. The 
distance between the plate and the cylinder is equal to the height of the scin- 
tillator. This collimator construction measures the dose power from a narrow 
annular layer of the cylindrical source. 


During the measurements the collimator with the sensor is suspended by 
steel cables and is lowered along the axis of the y-radiation source. The scin- 
tillation y-dosimeter is sensitive to fast neutrons and, as shown in reference 15, 


Figure 6. External view of the y- 
dosimeter without “hard operation." 
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Figure 7. Schematic cross section of device for 
measuring dose power of y-radiation inside hol- 

low cylindrical source: 1, dosimeter sensor; 2, 
side shielding; 3, bottom shielding. 


may be used to measure the dose power of y-radiation in the presence of fast 
neutrons only when the flux of y-quanta is approximately 8-10 times greater than 
the flux of fast neutrons. 


The universal rack is designed for operation with some of the described 
devices (for example, with the scintillation y-quanta counters of fast and 
thermal neutrons), as well as for the determination of the induced activity in 
the radioactive tracers. By using switches the devices assembled on the uni- 
versal stand may be hooked up in several different combinations to make [268 
specific measurements. 


Figure 8 shows the block diagram of the universal rack. Signals from the 
sensors are fed to terminals A and A' or B, and the signals from the sensors 
which are fed to the terminals A and A' go to the mixer M. The signals from 
the mixer for the input B are fed to the linear pulse amplifier LPA. The 
amplifier has two outputs, one of which is connected to the integral pulse dis- 
criminator PD, while the other is connected to a single channel pulse analyzer 
PA. The outputs of the discriminator and the analyzer may be connected either 
to the counter C, or to the logarithmic count rate meter LCRM. In addition to 
these circuits the universal rack contains stabilized rectifiers for powering of 
these circuits and of cathode followers in the sensors and in the high voltage 
stabilized rectifiers for powering the photomultipliers. 


The individual circuits of the universal rack have the following charac- 
teristics. 


The linear pulse amplifier LPA consists of a preamplifier with a gain of 
3 and of a basic amplifier. The variable resistance in the feedback loop of the 
amplifier makes it possible to control its gain from 75 to 250. A cathode fol- 
lower utilizing the 6N6P double triode is connected to the output of the amplifier. 
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Figure 8. Block diagram of universal rack: M, 
mixer; LPA, linear pulse amplifier; ID, integral 
discriminator; AA, single-channel amplitude an- 
alyzer; C, counter; LCRM, logarithmic count rate 
meter. 


Two identical and independent signals are obtained at the cathodes of 6N6P. 
The upper boundary of the amplifier pass band is equal to approximately 5MC; 
the amplifier is linear up to signal output voltages of 100 V. 


The mixer stage M uses the 6N15P double triode with a common cathode load. 
The amplitude characteristics of the mixer stage are linear up to 5.5 V at the 
output. 


The integral discriminator ID uses a circuit of successive limiting with 
the D2Zh diode. A signal which has passed through the limiter triggers the 
single flip-flop oscillator. The cutoff voltage of the limiter is measured by 
means of a voltmeter. A signal with standard amplitude (approximately 25 V) 
and duration (approximately 1.2 wsec) may be fed to the counter or to the log- 
arithmic count rate meter from the output of the integral discriminator. 


The signal from the second output of the amplifier is fed to the single- 
channel pulse amplitude analyzer. The analyzer circuit consists of two suc- 
cessive diode limiters with different cutoff voltages. The width of the an- 
alyzer channel is controlled and may be set equal to 1, 2, 3, 5, 7, 10 and 24 V. 
The cutoff voltage (analyzer threshold) is fed to the limiter from a variable 
voltage divider. All of the resistors in the divider are wire-wound and are 
selected with an accuracy up to 0.2 percent. 


The amplitude characteristics of the single channel analyzer is linear up 
to 100 V at the output. The magnitude of the pulse at the output of the an- 
alyzer is approximately 30 V. The resolving time of the analyzer is approxi- 
mately equal to 3+1076 sec. The counter circuit is similar to the circuit of 
the PS-10,000 device. The conversion factor is 10%, 


The logarithmic count rate meter LCRM uses a circuit with diode measuring 
networks (ref. 18). The output voltage from the count rate meter which is pro- 
portional to the logarithm of the input signal frequency, is measured by means 
of anM-2) microammeter or is recorded on chart paper by means of an electronic 
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PSRI automatic potentiometer. The statistical error associated with the re- 
cording of potentiometer readings does not exceed 10 percent. 


The zero reading of the logarithmic count rate meter corresponds to [269 
an input of 6 pulses/sec.; to set the zero reading of the count rate meter, a 
voltage controlled by a potentiometer is fed to the input of the de current 
amplifier. The range of pulse repetition rates, fed to the input of the log- 
arithmic count rate meter which can be measured without any switching, is equal 
to approximately 10-80,000 pulses/sec. 


The logarithmic count rate meter has 2 auxillary devices: a level indi- 
cator and a differentiator. The differentiator makes it possible to vary the 
rate of signal frequency variation at the input of the count rate meter. The 
level indicator makes it possible to obtain a signal when the frequency of the 
input signals to the count rate meter reaches a definite value. 


All of the devices in the universal rack, except the counter, are fed from 
stabilized rectifiers. The photomultiplier is fed from a standard VSF stabi- 
lized rectifier. 


All circuits and units which have been described are assembled on one rack, 
whose external view is shown in figure 9. The dimensions of the rack are 
185 xX 50 X 60 cm. The basic units of the universal rack are mounted in such a 
way that there is free access to all of the circuits during operation. 


From the description given for the universal rack it is clear that it can 
be used to determine the following quantities: 


(1) the activity of tracers by measuring the number of y-quanta with 
energies exceeding assigned values; 


(2) the activity of tracers by measuring the number of y-quanta of given 
energy (i.e., according to one y-line); 


(3) the activities of tracers by measuring the number of 6-particles with 
energies greater than the specified value; 


(4) the half-life of the induced tracer activity by means of the same 
measurements as used to determine activity, which also permits the simultaneous 
measurement of tracer activity and its half-life; 


(5) the nature of the induced activity, i.e., to identify the induced 
activity according to the y- and B-spectrum and according to the half-life; 


(6) the attenuation of y-quanta flux of specified energy by means of a 
scintillation counter; 


(7) the attenuation of neutron fluxes by means of corresponding counters. 
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Figure 9. External view of universal rack. 


The device just described is called the universal rack because of the 
relatively large number of problems solved with it. However, the universal 
rack is basically designed to operate with radioactive tracers (ref. 19). 


By using the devices described above it is possible to determine [270 
most of the quantities which characterize the shielding properties of materials 
and to clarify the qualities of specific shielding. 


V. M. Isakov, D. I. Chupyrin, A. I. Vasil'yev, V. N. Kozyrev and Yu. G. 
Anisimov participated in the mounting and adjustment of the devices. The 
authors take this occasion to express their gratitude to them. 
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APPLICATION OF RADIOACTIVE TRACERS IN THE INVESTIGATION 
OF SHIELDING 


V. N. Avayev, Ye. V. Voskresenskiy, Yu. A. Yegorov and 
Yu. V. Orlov 


Radioactive tracers are widely used to record neutrons during the in- [270 
vestigation of nuclear reactor shielding and the shielding properties of mate- 
rials. This is not accidental: radioactive tracers have advantages over other 
types of neutron detectors. Such advantages first of all include the possibility 
of recording neutrons with energies greater than a certain definite value 
(threshold tracers) or with energies in a rather narrow interval of values 
(resonance tracers). Radioactive tracers are also convenient because they have 
small dimensions and can be placed inside the shielding in places not readily 
accessible to other types of detectors. At the same time, they do not form 
the undesirable cavities and do not perturb the neutron flux. By utilizing 
radioactive tracers of various dimensions it is possible to measure neutron 
fluxes of various intensity. The undisputed advantage of radioactive tracers 
is their absolute insensitivity to y-radiation. 


Radioactive tracers may be used to measure neutron spectra. However, when 
fast neutron spectra are measured by means of threshold tracers the accuracy is 
very small (ref. 1), because the activation cross sections are not known with 
sufficient accuracy. Nevertheless, the spectrum can be evaluated by means of 


tracers (refs. 2 and 3). 


A significant disadvantage of radioactive tracers is their small effec- 
tiveness, particularly in the case of threshold tracers whose activation cross 
section does not exceed several tens of millibarns (ref. 4). The low effec- 
tiveness of tracers is explained to some degree by the fact that the induced 
activity of tracers is usually measured by means of gas discharge counters /271 
which have an effectiveness of the order of 1 percent for y-radiation, and if 
the geometry of the measurements is taken into account, it is substantially 
less. A certain increase in the effectiveness is possible when tracer activity 
is measured by means of B counters (AS-1, STS-5, S1-3V and others, ref. 5). 
However, this is not always convenient, because when tracers of large dimen- 
sions are used the self-absorption of B particles is very large. 


To increase the effectiveness of recording the induced activity by means 
of tracers we utilize scintillation counters: -counter for measuring the 
activity of cylindrical tracers and 2n-counters for measuring the activity of 
plane tracers. 
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Measurements showed that the effectiveness of recording the y-radiation of 
tracers by means of a kn-counter is close to 100 percent. This situation has 
made it possible to use tracers of relatively small dimensions for measuring 
neutron fluxes. The tracers had the form of cylinders with a diameter of 8 mm 
and a height of 5-50 mm (Al, P, J and others) and in the form of hollow cyl- 
inders with the same dimensions and a wall thickness of 0.1-0.3 mm (Au, In and 
others). The introduction of tracers of these dimensions into the test shield- 
ing does not disrupt the distribution of the neutron flux in the shielding. 


The 4x-counter consists of two FEU-43 photomultipliers with a CsJ (TL) 
crystal of 60 mm diameter and of 30 mm in height connected to each one (fig. 1). 
Both crystals are packed into a single common container and are separated from 
each other by a thin aluminum partition. A hole with a diameter of 10 mm is 
drilled in the center along the diameter of the crystals, and an aluminum tube 
with a wall thickness of 0.5 m is inserted into this hole. To make mounting 
convenient, the unit with the crystals is installed on two washers of plexiglas, 
10 mm thick, which serve as optical waveguides. The unit with the crystals 
and the photomultipliers is placed into a steel shielded booth. The booth has 
the form of a cylinder, with the photomultipliers and crystals placed along its 
axis. Each of the photomultipliers is inserted into a tube which can be moved 
into or removed from the booth. The free ends of the tube contain dividers of 
the voltage supply for the photomultipliers and the cathode followers. The 
sleeve nuts at the ends of the cylinder press the crystal unit against the /272 


| or 


es 2 ES 


Figure 1. Cross section of 4x-counter for measuring 
activity of cylindrical tracers: 1, photomultiplier 
tube; 2, unit with crystals; 3, tracer in holder; h, 
washer serving as optical waveguide; 5, irregularly 
shaped plug; 6, photomultiplier; 7, shielding; 8, 
sleeve nut; 9, space for divider and for cathode 
follower. 
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photomultipliers, thus achieving good optical contact. The thickness of the 
shielding at the point where the crystal units are situated is 200 mm. 


There is an opening at the top of the shielding which is covered with an 
irregularly shaped plug holding the tracer. The tracer in the plug and the plug 
in the shielding are always installed identically, so that the conditions of 
activity measurements are always the same during the experiments. 


Cylindrical tracers are installed in tubes made of plexiglas with a dian- 
eter of 9 mm and a wall thickness of 0.5 m. The total height of the plexiglas 
holder is 90 mm. During irradiation the tracer may be placed into an opening 
in the shielding with a diameter of 10 m, if it is irradiated without a cadmium 
or a boron cadmium filter; when tracers with filters are irradiated, the open- 
ing in the shielding must have a diameter of 15 and 32 mm, respectively. 


The external view of the hn-counter is shown in figure 2. 


The number of pulses is recorded by means of the universal rack with the 
single channel pulse analyzer connected into the measurement channel (ref. 6). 
Since the amplification factors of the photomultiplier may differ, the pulses 
from both photomultipliers pass through a mixer before being fed to the am- 
plifier; this mixer smoothens out those pulse amplitudes due to the same 
absorption of y-quanta energy in both crystals. 


The same electronic arrangement but without the mixer, is also used to 
measure the activity of plane radioactive tracers. A counter containing an 
NaJ (Tl) erystal with a diameter and height of 40 mm and the FEU-1 multiplier 
are placed vertically in a shielding booth made of lead. The lower part of 
the booth contains two small removable platforms, which are placed one over 
the other and which are used to hold the tracers during the measurements. The 
upper platform is designed for taking measurements without a collimator, and 
when a tracer is placed on the lower platform the flux of y-quanta from the 
tracer is collimated. 


Figure 2. External view of 4x-counter. 
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The activating material of the plane tracer is applied on a plexiglas base 
with a thickness of 1 mm; the dimensions of the tracer vary from 5 X 5 to O xX 
40 mm with a layer thickness of 0.1-4 m. 


Scintillation counters have a high efficiency and with good shielding 
record a substantial amount of background radiation. Therefore, when measuring 
the activity of a tracer the counters are connected to the spectrometers circuit, 
so that instead of recording the total number of pulses from the counter, only 
those pulses are recorded which correspond to the more intense y-line or 4 
group of y-lines most characteristic of a given tracer. With this type of re- 
cording it becomes possible to reduce the background radiation recording sub- 
stantially, while the number of useful recordings is insignificantly reduced 
compared with the integral count. Consequently the isolation of the y-line 
substantially improves the ratio of the useful count to the background radia- 
tion, and also makes it possible to reduce the requirements for the chemical 
purity of the tracer material. 


The table presents the basic characteristics of radioactive tracers which 
are used, as well as the energies of the most intense y-lines, the characteris- 
tics of pertinent reactions and the energy interval isolated during recording. 
As we can see from the table the gold tracer has the simplest decay [275 
scheme. 


Figure 3 shows the amplitude distribution obtained by measuring the induced 
activity of gold by the 4n-counter. The broken line in this figure shows the 
amplitude distribution of background radiation pulses. By recording pulses in 
the amplitude interval Au it is possible to achieve a decrease in the back- 
ground radiation by more than a factor of 5, while the useful count remains 
practically the same. 


In the iodine spectrum (see table) in addition to the basic y-line with 
energy of 0.455 MeV, other y-lines are present. However, in selecting the 
interval Au = 0.28-0.78 MeV for the recording, these lines, are not recorded; 
however, a maximum ratio of the useful_count to the background radiation is 
obtained. The interval Au for the Mn? tracer is selected on the basis of the 
same considerations. 

There is no characteristic y-line in the decay scheme of Tn 16 and a wide 
interval Au (fig. 4) is selected in order not to reduce the "useful" count. 
Nevertheless, the peak in the soft region of the spectrum is not recorded, 
because the background radiation is very high in this region of amplitudes. 


The method described for the isolation of the energy interval during [276 
the determination of induced tracer activity is particularly useful when meas- 
urements are made with such tracers as aluminum, i.e., when the y-lines due to 
the basic reaction are accompanied by y-lines of elements formed as a result 
of associated reactions. The following two reactions are used to record fast 
neutrons by means of aluminum tracers Al“! (n, p) Mg@? and A127 (n, a) Na2+ 


In addition to these reactions, the aie? (n, y) 128 reaction also takes place 
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Figure 3. Amplitude distribution for Aul98 y_radiation 
measured by kn-counter (broken line shows amplitude 
distribution of background radiation). 


in aluminum. When very pure aluminum is used for the tracer the are? (n, y) 


au 


Na™” reaction may be separated rather easily from two others, because the half- 


life of Na2 is equal to 14.9 hr, whereas for Mg? and a 28 it is 9.51 and 2.3 
min, respectively. However, it is rather difficult to divide the (n, p) and 
(n, v) reactions by periods, particularly if the measured neutron spectrum 
contains a large number of thermal and above-thermal neutrons. This irradia- 
tion condition may be encountered when measuring the distribution of fast neu- 
trons with energies 2 5 MeV, for example, in iron-water shielding. In this 
case, even when a boron-cadmium filter is used, it is impossible to avoid the 
activation of aluminum as a result of the (n, y) reaction; when y-radiation is 
recorded without isolating the energy interval, the count is basically due to 


28 | and it is difficult to determine the activity of Mg2l . 


Figure 5 shows the y-spectra from a plane aluminum tracer, measured by 
means of a single crystal scintillation counter. The first curve was obtained 
10 min, the second 17 min and the third 34 min after the end of irradiation. 
The peak with an energy of 0.84 MeV, corresponding to the basic Mg@! y-1ine, 
is clearly seen, as well as the peak with EY = 1.78 MeV, corresponding to the 
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Figure 4}. Amplitude distribution for In v-radiation 


measured by 4n-counter. 


only ay 28 yY-line. On the third curve these peaks are eubetantterty decreased 


and a peak appears for a = 1.38 MeV, corresponding to the Naé y-line. If 


we select Au = 0.41-0.95 MeV for the recording, it is easy to isolate the Mg@! 
y-line without a substantial loss in the useful count. However, in this case 


the contribution made by the Na@4 and A128 y-lines is substantially reduced. 
This method of measuring induced activity of threshold tracers after irradia- 
tion in the presence of a thermal and above-thermal neutron flux is most reli- 
able. As an example figure 6 shows the distribution of the fast neutron flux 
(E, = 5.3 MeV) in water, measured by means of the Al@7 (n, p) Mg@? reaction. 
An aluminum tracer weighing 6 g was used to measure the distribution of the 
fast neutron flux for a length up to 120 cm. The experimental reactors served 
as the neutron source. The results of investigating the relaxation length 
agree well with existing data. 


The experience of this work has shown that the method of determining the 
induced activity of radioactive tracers by isolating the most intense y-line 
or group of y-lines has justified itself; the electronic equipment operated in 
a stable manner during the course of measurements and did not introduce notice- 
able errors. 
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Figure 5. Amplitude distribution for y-radiation of 


irradiated ae, Measured with en-gounter after end 
of irradiations: 1, after 10 min; 2, after 17, min; 
3, after 34 min. 


The authors express their gratitude to D. I. Chupyrin for installing and 
adjusting the electronic equipment and thank N. Ye. Vasin for developing the 
design of the hn-counter. 
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Figure 6. Distribution of fast neutron flux 
(E, 2 5.3 MeV) with fission spectrum in water, 
measured by aluminum tracer (A1@! (n, p) Mg@/ 
reaction): , relaxation length. 
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MEASUREMENT OF FAST NEUTRON FLUXES IN SHIELDING WHEN THERE IS A 
BACKGROUND OF INTENSE INTERMEDIATE NEUTRON FLUXES 


V. P. Mashkovich 


It has been reported in references 1-3 that in experiments with [277 
threshold tracers the induced activity is usually determined by constructing 
the decay curves. 


Based on the analysis of decay curves we can exclude the effect of ex- 
traneous impurities. This method of determining activity is used only when 
the half-life of the basic activity is different from the half-life of activi- 
ties associated with impurities or with the basic element as a result of other 
reactions. In most cases, during the practical utilization of threshold de- 
tectors this requirement is satisfied. However, detectors are encountered for 
which the half-lives of the associated activities are close or equal to the 
half-life of the basic activity. 


In determining the basic activity of such threshold detectors we encounter 
two cases when the resulting associated activity consists of (1) an isotope 
which is different from the isotope of the basic activity, but which has a 
close half-life; and (2) an isotope which is also formed as a result of the 
basic reaction. 


Usually both cases are encountered when a tracer is irradiated with 
fast neutrons with a background of large thermal and intermediate neutron 
fluxes. 


The associated activity produced by the thermal neutrons can be easily 
eliminated by placing the detector in a cadmium filter. Therefore in practice 
the problem is reduced to the measurement of activity caused by fast neutron 
fluxes on the background of intense intermediate neutron fluxes. 


For these cases we propose the following method of determining the activity. 


In the first case, when the basic reaction produces an isotope different 
from the isotope of the associated activity, the isolation of the basic activity 
can best be carried out by the spectrometric method: it is necessary to isolate 
that radiation energy of the basic activity isotope which does not exist in 
the spectrum of the associated activities. The activity under investigation 
may be evaluated from the intensity of the isolated line. 


In the second case the application of the spectrometric method is impos- 
sible due to the same composition of the isotopes' radiation. The isolation of 
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the basic activity may be carried out only when the basic and associated reac- 
tions take place with neutrons of different energy ranges. The basic reaction 
usually takes place with fast neutrons and the associated reaction usually takes 
place with intermediate neutrons. The specified energy groups must be atten- 
uated in a different manner within the shielding material (the fast neutrons 
are attenuated considerably more than the intermediate neutrons), which takes 
place for many shielding materials with medium and large atomic weights. In 
this case the attenuation curve for the neutron flux, measured with the spe- 
ecified detectors, has two clearly defined regions, characterized by a high 
attenuation of fast neutrons (first region) and a weak attenuation of inter- 
mediate neutrons (second region). Beginning with some shielding thickness the 
entire activity of the threshold detector is almost totally due to activa- 

tion in the flux of intermediate neutrons (this is controlled by the course/278 
of the attenuation curve which is measured with a detector of only intermediate 


neutrons). 


In this case the region of the attenuation curve where all of the activity 
is practically due to activation with intermediate neutrons is extrapolated 
into the region of smaller thicknesses in accordance with the attenuation curve 
measured by a detector of intermediate neutrons only. If we subtract from the 
corresponding values of threshold detector activity due to activation by fast 
and intermediate the corresponding activity due to intermediate neutrons, we 
obtain an attenuation curve of the flux for fast neutrons only. 


We note that this method is also applicable in the first case. 


In particular, both of these methods were used in the experimental deter- 
mination of three-dimensional fast neutron distribution in iron with the aid of 


the threshold a1°! (n, @) Na@" tracer (ref. 4). As we know, the fluxes of fast 
neutrons in iron are attenuated considerably more than the fluxes of neutrons 
with intermediate energy. As a result, even after penetrating relatively small 
thicknesses of iron, the neutron fluxes of intermediate energy exceed substan- 
tially the fast neutron fluxes, and the added tracer activity is thus substan- 
tial during the side reactions associated with neutrons of intermediate energy. 


The measurements of neutron fluxes in iron wefe carried out with the ex- 
perimental arrangement described in reference 4. As pointed out in reference 4, 
it is impossible to determine the activity of aluminum tracers by constructing 
decay curves, because the half-life (12.8 hr) of the associated activity formed 


in the copper additive as a result of the cuo3 (n, v) Cub4 reaction is diffi- 
cult to separate, in practice, from the half-life of Natl, which is equal to 
15 hr. 


In this case a spectrometric method of determining activity was used. A 
scintillation y-spectrometer containing a NaJ (Tl) crystal (80 X 80 m) was 
used with a 100-channel amplitude analyzer (ref. 5). The aluminum detectors 
were placed in a fixed position near the scintillator. The energy scale was 


controlled according to the C060 y-radiation. The y-spectra of one of the 
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threshold detectors as a function of time lapsed after the end of irradiation. 
This is shown in figure 1, where we can clearly see the peaks of photoelectrons 
produced in the crystal by y-quanta with energies of 1.38 and 2.76 MeV, due to 
the basic Na& isotope, and peaks of Cu 4 y-radiation with energies of 1.38 and 
0.51 MeV. The activity of aluminum tracers (due to the basic reaction) was 
determined from the area under the photoelectron peaks produced in the crystal 


by the Na@4 y-radiation with energy of 2.76 MeV. 


The relative saturation activity of the tracer was determined from the 
equation 


a Al 
N (ry fy es oon a 


=em ATL. elo" 


where N ‘ear h) is the saturation activity of the tracer placed at the point 
with coordinates r, h of the iron prism; P is the area bounded by the photo- 


peak of Na2+ Y-quanta with an energy of 2.76 MeV; T is the irradiation time 
of the tracer; to is the time during which the tracer was subjected to counts; 


No. of y-quanta, rel. units 


TOS f 5 2 2.5 3 
Energy of y-quanta, MeV 


Figure 1. Gamma-spectra of activated aluminum tracer at different 
instants of time after termination of irradiation. 
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t+ is the time between the end of irradiation and the beginning of tracer 
counting. 


Figure 2 shows the y-spectra of detectors which are placed in the direction 
of the central beam. These data are used to construct an attenuation curve in 
the direction of the central beam (fig. 3, curve 1), from which we can see that 
beginning with an iron thickness of approximately 50 ecm, measurements in the 
direction of the central beam begin to reveal the activity of the additive Nae3 


[(2 + 1)-10744) in the aluminum tracer. Due to the Na@3 (n, y) Na2+ reaction 


with intermediate neutrons, radioactive Na24 is also formed as a result of the 
basic reaction. In this case the use of only a single spectrometric method 
makes it impossible to determine that portion of activity due to the basic /279 
reaction, and it becomes necessary to utilize the second method. 


Figure 3 (curve 1) shows the activity due to fast neutrons according to 
the reaction Ai! (n, @) Na2@4 and due to intermediate neutrons according to the 


reaction Na@3 (n, vy) Na2", curve 1 has two regions: (1) [r = (0 to 30-40 ex], 
which characterizes a strong attenuation of fast neutrons and is due almost 
entirely to activation by fast neutrons; (2) (r > 90 em), which characterizes 
the insignificant attenuation of intermediate neutrons due almost entirely to 
activation by neutrons of intermediate energy according to the reaction Na?3 


(n, y) na@4 (in this region the behavior of the curve corresponds to that of 
the attenuation curve which is measured by a detector of only thermal and in- 
termediate neutrons). 


No. of y-quanta, rel. units 
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Figure 2. Gamma-spectra of activated aluminum tracers as 
function of iron shielding thickness r. 
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Figure 3. Attenuation of neutron fluxes in direction of 
central beam in iron prism from experimental data: 1, 
with aluminum threshold tracers; 2, with thermal and 
intermediate neutron detector. 


Continuing the region due to the activation by intermediate neutrons, in 
the direction r < 90 em (fig. 3, curve 2) in accordance with data from the 
measurement of intermediate neutron fluxes, and swbtracting the values on 
curve 2 from the corresponding experimental points on curve 1, we obtain a 
curve for the attenuation of fast neutron fluxes. 


The measurement of fast neutron flux attenuation for r > 85 em requires 


aluminum tracers with a smaller addition of Nae3, The same method was used in 
reference 4 td introduce a correction for the activation of the detector accord- 


ing to the associated reactions and during measurements in directions perpen- 
dicular to the central beam. 


This example illustrates how the difficulties which are encountered can 


be bypassed by using threshold tracers for the measurement of fast neutron 
fluxes in the presence of a strong background of intermediate energy neutrons. 
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In spite of a certain complexity associated with our method it must be 
used frequently, because the threshold tracers have definite advantages, /281 
the basic ones being insensitivity to y-rays and simplicity of operation. 


The author expresses his deepest gratitude to 0. I. Leypunskiy and S. G. 
Tsypin for valuable advice during the discussion of the present work and to 
Yu. K. Yermakov who participated in taking the measurements. 


REFERENCES 
1. Dulin, V. A. et al. Atomnaya Energiya, Vol. 9, 318, 1960. 
2. Broder, D. L. et al. Atomnaya Energiya, Vol. 7, 313, 1959. 


3. Price, B. Recording of Nuclear Radiations (Registratsiya yadernogo 
izlucheniya). Moscow, Izd-vo I. L., 1960. 


4, Mashkovich, V. P. and Tsypin, S. G. Atomaya Energiya, Vol. 11, 251, 1961. 


5. lLarichev, A. V. and Cherevatenko, G. A. The Investigation of the Sensi- 
tivity of a Single Crystal Scintillation Spectrometer with NaJ (T1) 80 x 
80 mm Crystal. IN: Instruments and Methods of Analyzing Radiations 
(Issledovaniye chustvitel 'nosti odnokristal 'nogo stsintillyatsionnogo 
spektrometra s krystallom NaJ (T1) 80 x 80 mm. Vsb.: Pribory i metody 
analiza izlucheniy, No. 3). Moscow, Gosatomizdat, 1962. 


hiy 


APPLICATION OF RANDOM SAMPLING TO THE COMPUTATION OF SPECTROMETER 
CHARACTERISTICS FOR GAMMA-RADIATION AND FAST NEUTRONS 


V. N. Avayev, Yu. A. Yegorov and Yu. V. Orlov 


The study of continuous y-radiation and neutron spectra can be car- [281 
ried out most conveniently by using scintillation y-radiation spectrometers 
with total absorption of y-quanta energy, i.e., spectrometers with a scintilla- 
tor of large dimensions (ref. 1) and spectrometers of fast neutrons with a sin- 
gle sensor (ref. 2). Spectrometers of y-radiation with crystals of large di- 
mensions have a series of definite advantages compared to scintillation 
spectrometers of other types; however, their basic advantage is that with the 
high effectiveness of recording y-quanta the magnitude of photocontribution is 
rather large. In spite of the small effectiveness of the fast neutron spectrom- 
eter described in reference 2, it is convenient for taking measurements, because 
it has only one sensor and does not require the collimation of the neutron flux. 
The processing of measurement results obtained by spectrometers is possible, if 
we know the form of the instrument lines of the monochromatic radiations for a 
series of energy values and the variation in the effectiveness as a function of 
y-radiation and neutron energy. In the case of the scintillation y-spectrometer 
in the range of y-quanta energies from approximately 100 KeV to 3 MeV, the form 
of the instrument line and the effectiveness may be determined experimentally 
(ref. 3) by measuring the y-spectra of the radioactive sources of y-radiation 


(cel, Hg03, est37, zr, zn©5, Na2+ and others). On the other hand, for 

large y-radiation and fast neutron energies the experimental determination of 

effectiveness and of the form of the line is associated with great difficul- 

ties. The calculation of these quantities for both spectrometers may be car- 

ried out by the method of random sampling (Monte Carlo method). Below we 

iets) this method of computing the characteristics of spectrometers (refs. 
and 5). 


To make the analysis simple we shall solve the plane problem in both 
cases, i.e., we shall assume that all of the scattering and absorption proces- 
ses take place in the xy plane. The solution of the three-dimensional problem 
does not differ in principle from the solution of the plane problem. 
Computation of the y-spectrometer Characteristics 

Let us assume that a collimated flux of y-quanta with energy Ey falls on 
the axis of a cylindrical scintillator with diameter D and height H. Let us 
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consider the "fate" of one y-quantum which has entered the scintillator. We 
determine the coordinate of the first interaction of y-quantum with the mater- 
ial of the scintillator, 4,, from the equation 


1 
la= plEy "Fy (1) 


where  (E,)) is the total linear attenuation coefficient of y-radiation [282 


by the scintillator material; y, is the first random number (ref. 6) and 
os Yy sil. 


If to < H, the y-quantum has interacted with the scintillator; if, on the 
other hand, 4, > H, the y-quantum has gone beyond the limits of the scintillator. 
Let us assume that by =H, i.e., that the y-quantum has interacted with the 
scintillator. Sine the y-quantum may interact with this scintillator by one of 
three processes (photoeffect, Compton effect and the effect associated with the 
formation of pairs), we now determine the interaction process which has taken 


place. For this purpose we compare the random number Yo with the probability 


that a particular process of interaction has taken place 


3 wt (Eo) , 
ASR hats a 
e(Eo) yo EE (Eo) 
wie) SES" py ) 
(Fadi (FS) oy oy, (4) 


w (Fg) 


where + (Ep) and o (Ey) are the linear attenuation coefficients of y-radiation 
due to the photoeffect and to Compton scattering, respectively. 


If inequality (2) is satisfied we have absorption of the y-quantum as a 
result of the photoeffect; if inequality (3) is satisfied we have Compton scat- 
tering of the y-quantum, and finally, if (4) is satisfied the y-quantum has 
formed a pair. 


Let us assume that inequality (3) is satisfied, i.e., that scattering has 
occured. Let us determine energy E, of the scattered y-quantum 


Ko 


as ( ds dA 
ae dE" G (Ko)? (5) 
oy 
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where ¥3 is the third random number; do/az is the differential Klein-Nishin- 
Tam cross section for the electrons. 


From the known relationships we now determine the angles # and » for the 
scattering of the electron and of the y-quantum, respectively. The y-quantum 
scattered in the direction » is again considered as the y-quantum of the 
source, but this time with an energy E,. We determine the energy for the re- 


coil electron E, = Ep = Ey. Since during the retardation process within the 


scintillator the electron loses its energy to retardation radiation and ioni- 
zation, we determine energy En, which is lost by the electron for the retarda- 


tion radiation. For simplicity we assume that this energy Ep is imparted to a 
single y-quantum 


Ky 
1 ESO (E,, Br) dE 


u 
eee 6) 
dy fon | Kis ie 


(woH = ion = ionization; pay = rad = radiation) 


where $(E,, Ep) is the probability for the formation of a y-quantum of retarda- 


tion radiation by an electron with energy E,; (aE) and (gE) are the aver- 
: 6" EX" ton dX" ya, 

age ionization and radiation energies lost by the electron during its motion in 

the scintillator, respectively; Yh is the fourth random number. 


We assume that the quantum with energy En moves in the direction of elec- 


tron motion, i.e., in the direction of angle 3, and we consider it as the 
Y-quantum of the source. On the other hand, the energy of the electron expended 
by it for ionization is determined as Fe, = E, - Ep. If equation (6) is not 


satisfied for any values of En, we assume that the entire energy of the electron 
E, is expended for ionization. Since the path of the electron in the scintilla- 


tor is complex, in determining the path length we use the assumption proposed in 
reference 5. According to this the path of the electron is divided into 2 parts: 
a rectilinear part and a part where the electron may be scattered in any direc- 
tion. If the length of the rectilinear path is contained within the scintilla- 
tor, we assume that the electron has not left the limits of the scintillator and 
that its entire energy is absorbed by the scintillator. If, on the other /283 
hand, the rectilinear path is not contained entirely within the scintillator, 
only part of the energy, proportional to the path in the scintillator, is 
absorbed. 
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Let us assume that inequality (2) is satisfied, i.e., the y-quantum of the 
source is absorbed by the scintillator as a result of the photoeffect. The 
electron energy E, is determined as the difference of energies Ep - E, where 


E, is the energy of the characteristic radiation of the scintillator material. 


The "fate" of the electron is considered in the same way as the "fate" of the 
Compton electron, and in this case the direction of electron motion is assumed 
to coincide with the direction of y-quantum motion. The direction of charac- 
teristic y-quantum escape is determined from the relationships 


oy = 360° ¥5 and = 360° Y6: (7) 


The point at which the photoeffect has taken place is considered to be the 
point where the quantum of characteristic radiation has formed. We consider the 
characteristic y-quantum as a source y-quantum. 


If the y-quantum has formed a pair, we determine the positron energy Ey 
using the random number Y7 


Mar-mye2 
W(E}) dE 
re ‘ hiKe (8) 


Yi-- , x(Ey) a] 


where 5(E,) is the probability that a positron with energy E, has been formed. 


The electron energy is determined from the expression 
Eg = Ep-En-1.02 MeV. (9) 


The direction of electron and positron motion is assumed to coincide with 
the direction of y-quantum motion. The "fate" of the electron and of the posi- 
tron until the latter is annihilated is considered in the same way as the "fate" 
of the Compton electron. The point at which the positron is annihilated is 
considered to be the end of its rectilinear path, and the emerging annihilation 
y-quanta are considered as the source y-quanta. The escape direction of a sin~ 
gle annihilation y-quantum is determined from expression (7), whereas the other 
y-quantum is considered to move in the opposite direction. 


Thus the motion of the source y-quanta in the scintillator and the motion 
of its scattering products are considered successively until they are either 
absorbed in the crystal or leave its limits. For each source ‘y-quantum the 
portion of energy used up for ionization as a result of the secondary proc- 
esses is determined. A calculation of this type is repeated for a large nun- 
ber of source y-quanta. 
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The results obtained in this manner are used to construct the conputed 
spectra--histograms, which characterize the resolution of the spectrometer 
(without taking into account the physical resolution due to the resolution of 
the scintillator and the photomultiplier). A comparison of the number of "ab- 
sorbed" y-quanta with the number of considered y-quanta determines the effec- 
tiveness of the spectrometer. 


In order to obtain histograms which accurately reflect the true picture of 
resolution and effectiveness of the y-spectrometer it is necessary to consider 
large number of source y-quanta. Such computations are usually carried out by 
electronic computers. The method described above is used for programming. 
However, it is not always possible to carry out the computations on the compu- 
ter for scintillators of different dimensions and compositions as well as for 
y-quanta of different energies. Having carried out the computation for a 
scintillator of one composition and of certain dimensions, the results may be 
extended to scintillators of other dimensions and compositions. However, for a 
more accurate extrapolation it is necessary to make a trial calculation (even 
if this has to be done manually). In order to simplify this problem we con- 
sider the case of a two-dimensional scintillator. Manual calculation is also 
carried out by means of the methodology which has been described. Graphs and 
nomograms may be constructed to accelerate and simplify calculations by [286 
means of the above equations. 


Let us consider the successive steps of computing the characteristics of a 
y-spectrometer with a NaJ(T1) crystal by means of graphs. The point of first 
y-quantum interaction with the scintillator material may be determined from 
nomogram No. 1 (fig. 1). The numbers on the curves correspond to the initial 
energy of the y-quantum. The three-zone nomogram (fig. 2) is used to deter- 
mine the form of interaction for a given y-quantum energy. If a photoeffect 
has taken place the absorbed energy is determined as Ey = E\-30 keV, where 30 


keV is the energy of the characteristic iodine radiation (we neglect the char- 
acteristic radiation of sodium). If Compton scattering has occured, nomogram 
No. 3 (fig. 3) is used to determine the energy of the scattered y-quantum. The 
angle of scattering is computed. If there has been a pair formation, then 
nomogram No. 4 (fig. 4) is used to determine the positron energy, and expres- 
sion (9) is used to determine the electron energy. If the electron and posi- 
tron energy is greater than 1 MeV, the energy of the retardation radiation 
quantum is determined (fig. 5). The motion of secondary y-radiation and of 
multiple scattered radiation is considered by means of these nomograms. 


The same type of nomogram can be constructed for the CsJ(T1) crystal, 
while nomograms Nos. 3 and 4 (figs. 3 and 4) remain unchanged. 


Figure 6, for example, shows the histogram for the CsJ(T1) crystal with a 
diameter and height of 80 mm, computed manually with the aid of nomograms for 
Y-quanta with an energy of 7.6 MeV. The histogram obtained in the same manner 
for y-quanta with energies of Ey = 1 MeV and for a NaJ(T1) crystal with a 


diameter and height of 80 mm is shown in figure 7. The additional maxima are 
clearly traced on the histograms. 
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Figure 1. Nomogram No. 1, determination of point of first 
y-quantum interaction with scintillator material. 
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Figure 4. Nomogram No. 4, deter- Figure 5. Nomogram No. 5, deter- 
mination of positron energy. mination of retardation radiation 
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Figure 6. Histogram for y-quanta with 
energies of 7.6 MeV computed by nomo- 
grams for CsJ(T1) crystal (crystal di- 
ameter and height, 80 mm). 
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Obviously manual calculations do not give the necessary accuracy; however, 
the accuracy is quite sufficient, for example, for determining the magnitude of 
the photocontribution. Indeed a comparison of results obtained manually with 
the results presented in reference 7 shows fairly good agreement (fig. 8). 


Calculation of Neutron Spectrometer Characteristics 


The scintillator of the fast neutron spectrometer with a single sensor 
always contains materials with hydrogen and boron. The source neutrons, which 
undergo multiple scattering by hydrogen nuclei, produce a light pulse which is 
proportional to the neutron energy in magnitude. If the neutron energy is 
rather small after scattering, the neutron is captured by boronwhich results 
in a second light pulse due to the absorption of q-particles produced in the 
reaction B (n, a) Li. A certain amount of time elapses between the formation 
of the proton pulse and of the pulse from the q-particle. If both of these 
pulses are fed to a circuit with delayed coincidence, we can select from all 
of the pulses produced by the counter only those produced by neutrons which 
have lost almost all of their energy in the scintillator. By measuring their 
amplitude we can determine the energy of the source neutrons. Obviously the 
delay time plays an important role in the operation of such a spectrometer, 
because it determines the resolution and effectiveness of the spectrometer. 


To determine the effectiveness and resolution of a fast neutron [287 
scintillation spectrometer, and also to achieve a rational selection of the 
delay time, it is necessary to solve a problem which is formulated in the 
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following manner: a flux of neutrons with energies Eo falls along the axis of 


a cylindrical scintillator whose composition includes nuclei of hydrogen, car- 
bon, oxygen and boron; it is required to determine the time to from the instant 


of the first scattering by hydrogen to the instant when the boron nucleus cap- 
tures a neutron and to determine the portion of energy lost by the neutron as a 
result of scattering by hydrogen nuclei, and further to determine the ratio 
n/N where No is the flux of source neutrons, and n, is the number of neutrons 


captured by boron after scattering by hydrogen. Since the neutron scattering 
cross sections by nuclei of hydrogen and carbon are large compared with capture 
cross sections, and the capture cross section by boron nuclei is large compared 
with the scattering cross section, we may assume that the hydrogen and carbon 
nuclei only scatter the neutrons (in view of the fact that Eo < 10 MeV the in- 


elastic scattering of neutrons by carbon nuclei need not be considered), where- 
as the boron nucleus only absorbs them. At the same time the scattering and 
absorption of oxygen by the nuclei need not be considered, because the total 
cross section of oxygen is small compared with the cross sectians of hydrogen, 
carbon and boron. 


The first operation in obtaining the solution is accomplished according 
to equation (1), except that we must use © (E,) in place of u (Ep), i.e., we 


must use the total cross section of neutron interaction with the scintillator 
material. Having determined t) from the number y, (ref. 6), we determine the 


nucleus with which the neutron interacts the first time. When 
Bg, Boone EW sos 10 
Oss Hes My (20) [- Xe (2 0)-} Za (0) ” ( ) 
(H = hydrogen; B = boron) 


the neutron is scattered by hydrogen; when 


Bey ea SIMs he ace oa oe, SF) Ee (Eo) 
Su (e)-b By (Le) Sn a) 82+ wea Be ol -E By Ee? (11) 


the neutron is scattered by carbon and when 


eee Ny (Lo) / Xe (Fa) b. Lense as 
Yi (Ha)-} Yaad By (Ea ~ Gas! 


the neutron is absorbed by the boron nucleus. 
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We.use the random number ¥3 to determine the scattering angle % when a 


neutron is scattered by hydrogen 


r areca. (= Qpy 
ee (13) 


~ 


and by carbon 


(14) 


t= arccos (1 — 24s). 


Knowing the scattering angle 3, we determine the neutron energy after scatter- 
ing. For scattering by hydrogen 


Ly =. be cas*h (15) 


and by carbon 
Ey = 2k, (1.72 - 0.23 cos ty). (16) 


If we assume that scattering is symmetric, we can determine the azimuthal 
angle of direction for the scattered neutron from the random number y) 


= 360 y, (17) 


This consideration is continued until the neutron leaves the cell or is 
absorbed by boron. For the scattering of neutron by hydrogen we assume that 
the proton recoil energy is completely absorbed by the scintillator. For those 
source neutrons which were absorbed by boron after scattering by hydrogen we find 
vEDi» which is the total energy of recoil protons, i.e., the portion of neutron 


energy which is expended to form the proton pulse, and Zt, --the time spent by 
i 

the neutron during scattering (t = O during the first scattering by the [288 

hydrogen nucleus), until the time when the nucleus is captured by boron. After 

computing the number of "useful" cases and knowing np--the number of considered 

cases, we determine the effectiveness of registration € = Np /No- Indeed, the 

effectiveness of the spectrometer may be determined by the graphic integration 


of the distribution curve interval for the number of neutrons captured by boron 
as a function of time within the limits of resolving time associated with the 


oh 


coincidence circuit. An interval of width Or is selected at the point corre- 
sponding tothe delay time (t is the resolving time of the coincidence circuit). 
The portion of neutron energy expended on the formation of the proton pulse 
determines the energy resolution of the spectrometer. 


The characteristics of the fast neutron scintillation spectrometer must be 
computed in the same fashion as for the y-spectrometer utilizing an electronic 
computer. Manual calculations give us only a general idea concerning the na- 
ture of such a spectrometer, but still makes it possible for us to obtain sev- 
eral useful conclusions. 


With this purpose in mind a graphic computation was made of spectrometer 
characteristics manually for a liquid scintillator placed into a cylindrical 
cell with a diameter and height of 80 mm for neutrons with an energy of Eo = 


MeV. This scintillator consisted of trimethyl borate mixed with an equal 
quantity of xylene. The solution of the problem, like the solution of the 
problem for the y-spectrometer, utilized graphs constructed from the presented 
equations. To simplify the calculations it was assumed that the neutron does 
not change its direction of motion after second scattering. 


The "fate" of 1900 source neutrons was investigated; the number of "use- 
ful" cases was 46. The table shows the amplitude distributions of neutron 
pulses which characterize the resolution of the spectrometer. AE, is the neu- 


tron energy at which the neutron is absorbed by boron, and AES is the energy 


lost by the neutron as a result of scattering by carbon nuclei. It was as- 
sumed that in view of the small light output of the scintillator, when it is 
excited by carbon recoil nuclei, the amplitude of the light signal is deter- 
mined only by the absorption of recoil neutron energy, i.e., the loss of neu- 
tron energy as a result of scattering by carbon nuclei takes place in a "use- 
less" fashion. 


From the table we can see that AE, + AEs is small compared with the neu- 
tron energy Ey of the source, i.e., the natural resolution of the spectrometer 


due to its principle of operation is small. Consequently the spectrometer 
resolution is basically determined by the resolution of the scintillator and the 
resolution of the photomultiplier. This conclusion, in particular, points to 
the definite advantages of a fast neutron spectrometer with a single sensor: 

the processing of measurement results is simplified, because the operation for 
transforming from recoil proton energy distribution into neutron energy dis- 
tribution is dropped. The variation in the number of neutrons absorbed by 
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Figure 9. Variation in number of neutrons 
absorbed by boron in time interval At as 
function of time to. 


boron in the time interval At as a function of the time % (fig. 9) shows that 
a large part of neutrons is absorbed by boron in a small interval of time after 
the first scattering by hydrogen. It follows that under the adopted assumptions 
the magnitude of delay in the spectrometer control channel must not be large. 

The results which we obtained were compared with results obtained by com- 
putations carried out by means of an electronic computer. Comparisons showed 
that the results of manual calculations, even when the number of considered 
cases is small, make it possible to select rational parameters for the spec- 
trometer and agree well with results obtained by means of an electronic com- 
puter when a substantially larger number of cases is considered (ref. 8). 

The authors express their gratitude to V. N. Ignatenko for carrying out 
the calculations. 
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CALCULATION AND ANALYSIS OF THE CHARACTERISTICS OF A SPECTROMETER 
WITH BORON-HYDROGEN SCINTILLATOR 


V. N. Avayev, Yu. A. Yegorov, Yu. V. Orlov, A. S. Frolov and 
N. N. Chentsov 


The measurement of neutron energy is one of the most difficult prob- [289 
lems of nuclear spectrometry. Neutrons produce almost no ionization and there- 
fore can be detected only by recording the secondary particles formed as a 
result of neutron interaction with matter. As a rule, neutron energy is deter- 
mined from the measurement of secondary particle energy. The measurement of 
neutron energy is further complicated, if the flux of investigated neutrons 
is accompanied by y-radiation. 


There are several methods for determining the energy of fast neutrons. 
The method of recoil nuclei is most common, apparently because it has the 
smallest number of disadvantages compared with other methods. Indeed, the method 
of radioactive tracers, for example, makes it possible to determine the spec- 
trum only qualitatively; the method of nuclear reactions is difficult, while 
the method of flight time has been used only with pulse neutron sources (ref. 1) 


to date. 


Scintillation spectrometers occupy a special place in the method of recoil 
nuclei, because they have sufficiently high effectiveness and good energy 
resolution. Furthermore, the results of measurements are processed rather 
easily and complex electronic circuits are not required. 


Fast neutron scintillation spectrometers with two sensors are most common. 
One of these sensors produces a pulse whose amplitude is proportional to the 
recoil proton energy, and the other sensor records the neutron scattering angle 
(refs. 2-6). The source neutron energy is determined from the relationship 


E, = KU,/sin® 3, where U, is the pulse amplitude proportional to the recoil 


proton energy when such protons are formed by the scattering of neutrons over 
an angle 3?; k is the factor of proportionality. 


The elimination of background y-radiation, when measurements are taken 
with such spectrometers, is achieved by utilizing. "delayed" coincidences. Fast 
neutron spectrometers with two sensors are used to measure the spectra of 290 
various sources and also to measure the spectra of nuclear reactors (ref. 7). 
However, according to their principle of action spectrometers with two sensors 


428 


can operate only when the flux of neutrons is collimated. Obviously this situa- 
tion limits the number of problems which can be solved by means of a spectrom- 
eter with two sensors or requires multiple measurements over different angles. 
This approach must be used, for example, when measuring fast neutron spectra 
behind the shielding. 


In recent times wide use has been made of spectrometers with a single 
hydrogen-containing sensor; the discrimination against background y-radiation 
in such spectrometers is achieved as a result of time difference in the de- 
excitation of the scintillator, when it is excited by protons and by electrons 
(refs. 8-12). Spectrometers with a single hydrogen-containing sensor may op- 
erate without a collimator. The lower boundary of the measurable proton 
energy is usually less than 0.7 MeV. Spectrometers with a hydrogen-containing 
sensor are also used for various measurements. However, it is not possible to 
use such spectrometers for taking measurements in the presence of background - 
VY-radiation (ref. 13). , 


Spectrometer with a Boron-Hydrogen Scintillator 


Reference 14 proposes a scintillation spectrometer with a single sensor 
whose scintillator contains hydrogen and boron. Results have been communicated 
for the case of a cylindrical vessel (with a height and diameter of 50 mm), 
filled with a mixture consisting of equal volumes of phenylcyclohexane and 
methyl borate, activated with 3 g/liter of terphenyl and 10 mg of diphenyl 
hexatriene per 1 kg of mixture. For neutron energy of 1h MeV the effectiveness 
of the spectrometer with such a sensor was 0.15 percent, and the energy reso- 
lution was 10 percent. 


On the basis of the short description presented in reference 14, we en- 
vision the following block diagram (fig. 1) and operating principle of the 
spectrometer with the boron-hydrogen scintillator. The fast source neutrons which 
enter scintillator S as a result of single scattering by an angle close to 90 , 
or as a result of several scatterings by hydrogen nuclei, become slow neutrons 
and are captured by the boron nuclei. The recoil protons formed as a result of 
these processes produce a pulse whose amplitude is proportional to the energy 
of source neutrons, while the @-particles from the reaction BlO+n-7 Lif +a 
create a second pulse, i.e., each neutron recorded by the spectrometer produces 
2 pulses such that there is a certain delay between the appearance of the first 
(proton) pulse and the second pulse (due to a@-particle). 


The signal from the sensor of the photoelectron multiplier is transmitted 
along two channels, the principal channel and the control channel. In the con- 
trol channel the signal travels along two circuits to a coincidence circuit 
CC, with a delay line DL connected to one of the circuits. The delay time is 
selected in such a way that the proton pulse and the pulse from the @-particle 
arrive at the coincidence circuit at the same time. If coincidence occurs, 
the control single flip-flop oscillator CSFFO is triggered. The signal in the 
principal channel passes through delay line DL, amplifier A and the electronic 
gage EG and then is fed to the pulse amplitude analyzer PAA. As we can see 
the circuit must be constructed in such a way that only those source neutrons 
which have transmitted all or almost all of their energy to the scintillator 
are recorded. 
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Figure 1. Block diagram of scintillation 
spectrometer with boron-hydrogen scintil- 
lator. A, amplifier; CC, coincidence 
circuit; PM, photomultiplier; CSFFO, con- 
trol single flip-flop oscillator; DL, 
delay line; S, scintillator; EG, elec- 
tronic gate; PAA, pulse amplitude 
analyzer. 


The basic quantity which determines the operation of the spectrometer /291 
is the delay in the circuit of the spectrometer control channel. 


According to data presented in reference 14 (E,,. = 14 MeV), the average 


interval between the instant of proton pulse appearance and the appearance of 
the pulse from the @-particle is equal to two Wsec when the scintillator 
utilizes natural boron (18.8 percent BLO) and is approximately 0.25 wsec when 
the scintillator utilizes boron enriched to 94 percent with the BlO isotope. 


By considering the principle of operation of the spectrometer with boron- 
hydrogen scintillator we can see that the spectrometer may operate without a 
collimated neutron beam; the processing of measurement results with such a 
spectrometer is very simple; in essence it is only necessary to introduce a 
correction for the effectiveness. The lower limit of measured neutron energies 
may be small, at any rate lower than the limit for a spectrometer with a single 
fo aaa sensor or for a spectrometer with the LiJ (Eu) crystal 

ref. 15). 


These advantages of the spectrometer make it a useful device for the study 
of spectra associated with the penetration of fast neutrons through various 
shielding materials under conditions of barrier and "infinite" geometry. How- 
ever, the existing literature does not present the necessary datato Construct 
such a spectrometer. The following quantities remain unknown: 


(1) the variation in the effectiveness of the spectrometer as a function 
of neutron energy; 


4.30 


(2) the variation in the effectiveness as a function of scintillator volume 
and the relationships for hydrogen and boron concentration; 


(3) the time distribution of pulses from @-particles (when time is measured 
from the instant of the first neutron scattering); 


(4) the variation in the energy resolution of the spectrometer as a function 
of neutron energy. 


For this reason an effort has been made to compute these quantities manually 
by the Monte Carlo method (ref. 16). The results of this calculation have made 
it possible to draw several useful conclusions and to begin the design of the 
spectrometer. 


However, the results of manual calculations did not include the total 
spectrometer characteristics and did not make it possible to select the neces- 
sary parameters for the electronic circuits of the spectrometer (delay time, 
resolution time of the coincidence circuit). The use of the manual approach 
to obtain more detailed information is associated with large time expenditures, 
and for this reason the detailed calculations for the characteristics of the 
spectrometer were carried out by means of an electronic computer. 


Formulation of the Problem for the Calculation 


The scintillator consists of a sphere with a diameter D or a cylinder with 
a diameter and height D. The scintillator contains materials consisting of 
hydrogen, carbon and boron. The presence of oxygen nuclei is neglected (ref. 16). 
A neutron flux with energy E is directed along the diameter of the sphere (or 
along the axis of the cylinder). To simplify the problem it is assumed that: 
(1) the scattering of neutrons by hydrogen and carbon nuclei in the system of 
the inertia center is isotropic; (2) a neutron which is moderated to an energy 
of 0.025 eV does not change its energy in the future; (3) the cross section of 
neutron absorption by boron nuclei in the energy range from 0.025 eV to 10 MeV 
varies according to the law 1//E. 


The problem consisted of determining the following quantities: 


the probability of neutron absorption by boron nucleus after scattering 
by hydrogen and carbon nuclei; 


the time from the instant of the first neutron scattering by hydrogen to 
the time when the neutron is absorbed by the boron nucleus; 


the neutron energy at the instant of its absorption by the boron nucleus 
(for neutrons which have first interacted with hydrogen or carbon nuclei); 


the portion of neutron energy lost during scattering by hydrogen nuclei 
(for neutrons absorbed after such scattering by boron nuclei). 
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The problem was solved for two scintillator dimensions (diameters of [292 
ho and 80 mm). Three scintillator compositions were considered. These con- 
sisted of equal mixtures of the following: 


(1) xylene (CoH, |) and trimethyl borate [B (OCH) . (unenriched boron); 
(2) phenyleyclohexane (C__H _) and tri-isobutyl borate [B (OCH) 13 


10 16 
(3) xylene (CoH, 9) and trimethyl borate [B (ocH) .] (boron enriched to 


80 percent with plo. 


For convenience of calculations it was assumed that the third composition 
differs from the first in the boron concentration. The concentration of ele- 
ment nuciei in the three scintillator compositions is shown in table l. 


TABLE 1. CONCENTRATION OF ELEMENT NUCLEI (cm73) IN THE THREE 
SCINTILLATOR COMPOSITIONS. 


Composition 


Element 


Hydrogen........ 6.8 +1024 
Bn peliees aca 1.2610 
Carbon...-...ee- 2.4 +1022 


3.78°10e1 


Oxygen....-.e6-. 


The problem was solved for several initial neutron energies: 0.5, 1, 
2, 4, 6, 8 and 10 MeV. 


Computation of Spectrometer Characteristics 


As we have already pointed out, the calculation of spectrometer charac- 
teristics was carried out by the method of statistical sampling (the Monte 
Carlo method). 


Since the considered process is one without aftereffects, the trajectory 
of neutrons in the scintillator (fig. 2) was constructed successively as a 
"chain" of interactions with the nuclei of the scintillator material in a 6th 
dimensional space (x, y, z, W, E), where x, y, z are the Cartesian coordinates 
of the neutron; W is the direction of neutron motion between interactions and 


E is the neutron energy. 
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Figure 2. Neutron motion in 
scintillator. 


The effectiveness of the spectrometer u was computed as the mathematical 
expectation of a certain functional of the neutron trajectory & (T) 


u=Mo[&(T)|. (1) 


The other quantities were computed in the same manner. For example, the 
distribution of neutrons captured by boron nuclei after scattering by hydrogen 
or carbon nuclei were determined from the following equation according to 
energy groups R (E) 


Ra(BY =i (EN Gad tos ian? (2) 
where 74) = way 2) Le (T)]; i is the number of the energy interval, the number 
n 


of intervals being equal to Leine 
In selecting the mathematical model of the process in the scintillator it 
was noted that the overwhelming portion of the incident neutron flux leaves the 
volume of the scintillator without interacting with its substance at all, or 
without being captured by boron nuclei after scattering (ref. 17). Therefore, 
in order to "read" the maximum information from each trajectory and not to play 
up the "parasitic" histories, the motion of the neutron "packet" was modeled 
according to the "arbitrary escape" scheme, i.e., particles with a certain mass 
were considered. During each collision with the nucleus of the scintillator 
substance, such a particle is scattered in accordance with the usual law of 
neutron scattering, while its motion is always strictly within the volume of 
the scintillator (fig. 2). /293 


Let us follow the transition of a particle in our model from the (n-1)-th 
position to the n-th position along the played direction ®-1° As we know, the 


mean free path of a neutron is distributed according to the law 


F (S) = e%n-18 (3) 


4.33 


(2-4 is the macrascopic cross section of the scintillator substance when the 
neutron energy is En-1> S is the path length of the neutron between collisions). 


The probability that the particles will escape beyond the volume of the scintil- 
lator without interacting with the nuclei of the scintillator material, while 


moving along the beam wei? is equal to 


04-1 = en-1 Tn-1, (4) 
where L,_j is the distance to the boundary of the scintillator from the point 
of the (n-1)-th scattering (x4, Y,_1> Z,_1) in the direction w, ,. ‘The free 
path of a fictitious particle, under conditions when it does not escape beyond 
the limits of the scintillator, has a distribution given by the arbitrary law 


P(S)= i mee . (5) 


pvt “ln -y 


From collision to collision the fictitious particle losses part of its mass 
1-Q 
( nies (6) 


where Vu is the probability of scattering during the (n-1)-th collision. 


m, = pa eae Yn 


On the basis of these statements we can conclude that the functional has 
the following form 


P= pa (i foes! Vn) My (1 ae Q,-1). (7) 


Here the summation is extended over all of the collisions, while My = 1. 


Although the trajectory of such an "eternal" particle is infinite, we can 
“eut if off" at a mags which is less than some assigned value €. The value ¢€ 
is selected in such a way that the dropped mass is within the limits of statis- 
tical accuracy of the solution. 


The trajectory of a particle is constructed in the following manner. 


The Origin of a Particle (n = 0). The initial coordinates of the trajectory 


are taken as the coordinates of the source (2S og Vacce Z sour? and a direction 


and initial energy Ey are assigned to the "packet." 


The Motion ofthe Particle from Collision to Collision. Between collisions 
n and n-1 the particle with energy EB moves uniformly and in a rectilinear fashion 


42h 


along the selected direction wo The probability of particle escape from the 


system OQ, is computed and the mean free path length Sn is obtained from the 


distribution P (S); 


The Collision of a Particle. The coordinates of the (n + 1)-th scattering 
are computed from the coordinates of the n-th scattering (x,, vw z) from the 
vector W, and the quantity Ba After this the quantity Vn is computed, and 


finally the value of particle mass m after the (n + 1)-th collision is com- 


puted ; ae 


Selection of New Direction and Energy After Collision. The type of nucleus 
involved in the collision is played out. A new direction of motion is iso- 
tropically played out in the system of particle mass center and of this nucleus. 
This is then recomputed in the direction We? using the laboratory system of 


coordinates. The energy losses due to the occurring elastic scattering are 
determined ; 
Termination of Trajectory. If m <¢, the trajectory ends, i.e., simu- 


n+l 


lation along an assigned trajectory is continued until the mass of the "packet" 
becomes less than é¢. 


The group of evaluating functionals is recomputed at each collision. The 


values of these functionals averaged out over the respective number of con- 
structed trajectories make it possible to obtain the following information. 


The basic statistic quantities are as follows: [294 


u--the true effectiveness of the spectrometer (the effectiveness for neu- 
trons captured by boron nuclei after scattering by hydrogen nuclei); 


U--evaluation of the second moment of the random quantity u; u is used to 
compute the guaranteed absolute accuracy of the quantity u (following the law 
of three root mean square errors); 


p--the total portion of neutrons absorbed by the scintillator material, 
i.e., the total effectiveness of the spectrometer ; 


w--the average number of neutrons which have escaped beyond the limits of 
scintillator volume ; 


A--the schematic error, i.e., the portion of dropped trajectories of low 


probability; we note that p+w+A=1; ni) | n(2), ..., n(29) is the time 
distribution for the quantities u, i.e., the portion of "effective" (captured 
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by the boron nucleus even after a single collision with the hydrogen nucleus) 
neutrons in each interval of time. The time is measured from the moment when ¢ 
neutron is scattered by the hydrogen nucleus. A standard linear time scale is 


adopted: each of the intervals from 0 to t' = 2-3 usec and further from t = ok 
to t= okt. usec (kK = -3, -2, ..., 2) is divided into 4 equal intervals. The 
last interval is 23 usec $< t < ©, Altogether 29 intervals were considered; 


a(t) o(2), ..., (29) as the energy distribution of "effective" neutrons. The 
boundaries of the energy intervals are selected according to lethargy. A group 
of thermal neutrons with lethargy of 20.5 was also isolated. 


Additional statistical quantities are as follows: 


M--the average number of neutron collisions with the scintillator material 
nuclei before absorption or escape; 


P--the average number of neutron collisions with hydrogen nuclei before 
absorption or escape; 


Q--the average number of neutron collisions with carbon nuclei before 
absorption or escape (P + Q = M); 


1 
A i er w6?) __the portion of neutrons which have escaped beyond the 
limits of the scintillator immediately after the n-th scattering (n= 1, 2, 


3, isa )3 


n--the average trajectory length of the fictitious particle in the assumed 
model. 


Other quantities were also computed, including the three-dimensional dis- 
tributions of "effective" neutrons. 


As we shall show below, the information which has been obtained made it 
possible to make a complete judgment on the structure of the investigated physical 
process and to evaluate the quality of the adopted mathematical model. 


We note that the selection of the model and the construction of the spe- 
cialized program were based on numerical experiments carried out by means of a 
simple program and also on the results of computations carried out manually 
(ref. 16). 


The accuracy of the calculations was evaluated by the direct method 
(i.e., by the deviation of the basic quantity u) and by an indirect method (by 
comparison of successive outputs of numerical information achieved by comparing 
computations carried out by means of different sensors). The analysis of re- 
sults shows that the error in the quantity u does not exceed 10-15 percent. 
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In order to grasp the analytical relationships between the characteristics 
of the spectrometer, the series of measurements were made dependent (ref. 18). 
The utilization of dependent tests has made it possible to reduce the vol- /295 
ume of the work substantially. Although the random errors in this case are 
high, the qualitative picture which was obtained was correct, because the com- 
puted curves differed from the true curves only in their relative position. 
We can convince ourselves of this by comparing graphs showing the value u for 
spectrometers with definite D, computed according to two generators of pseudo- 
random numbers (table 2). It should be pointed out that the selected model 
also made it possible to reduce the dispersion substantially and to obtain 
solutions with a substantially smaller consumption of computer time than in the 
ease of the direct "physical" model. 


Block Diagram of the Program 


Figure 3 shows the principal block diagram of the program used to carry 
out the computation of the spectrometer characteristics described above. This 
diagram also shows the conditions for selecting the methods of processing the 
information. 


Pseudorandom numbers of the type proposed by N. M. Korobov were used in 
the problem 


p, is a simple number; is a symbol showing a split part; 4, is the number of 
the random quantity. Calculations were carried out with two generators of the 
following numbers: 


where [ is the nee number; gq, is the first type root of the modulus p; 


3,125. 
3,125. 


39,983, qa 
40,127, qa 


First generator: 9) 
Second generator: Pp 


"ot 
ou 


The calculation of different versions were carried out using the same 
sequences of pseudorandom numbers. 


TABLE 2. TWO VERSIONS OF THE CALCULATION OF SPECTROMETER 
EFFECTIVENESS FOR THE FIRST COMPOSITION (D = 80 mm). 


Energy in MeV 


First......... | 0.10355 | 0.02875 | 0.00752 
Second........ | 0.10789 | 0.03016 | 0.007696 
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Figure 3. Block diagram of program (the arrows 
show signal paths); 1, computation of initial 
trajectory parameters; 2, generation of sequence 
of pseudorandom numbers; 3, computation of 
medium parameters and play-out of nucleus type 
involved in collision; 4, computation of escape 
probability and play out of mean free path length 
for spherical scintillator; 5, analogous calcu- 
lations for cylindrical scintillator; 6, re- 
calculation of functionals which do not depend on 
type of nucleus and on collision number; 7, re- 
calculation of functionals which depend on 
(Continued) 
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nucleus type and on number of collision as well 
as determination of trajectory end; Go; proc- 
essing and readout of information, control of 
counting process; 9, preparation of numerical 
parameters for determining new directions and 
energy; 10, calculation of new energy; 11, 
calculation of new direction for general case 
of motion; 12, calculation of new direction for 
constant energy. 

Conditions for selecting information proc- 
essing paths: 


hig = 
2 


a 
bh 
It 
pret ae 
(oe) 
' 1 


n? 15 : - spherical geometry; 


n O - cylindrical geometry; 


i] 
=) 
Noe 


n>1, scattering by H nuclei; 


A 
W 

Ml 
———— 
(e) bh 
i} ' 


n>1, scattering by H nuclei is absent; 
(2 ath > €; { 1 - energy > threshold 
t= tT = 
4 lo - qn S ¢€; ) \ O - energy < threshold 


A - start of count; B - end of count. 


Analysis of Calculation Results 


The results of the calculations make it possible to clarify all of the 
laws characteristic of a spectrometer with a boron-hydrogen scintillator. 


We found that the total effectiveness of the spectrometer (the total num- 
ber of absorbed neutrons with respect to the neutron flux entering the scintil- 
lator) for neutron energies less than 4-5 MeV is described by the following 
simple relationship within the accuracy of the computations /296 


pace, (8) 


where E is the neutron energy; D is the scintillator diameter (spherical 
geometry); C = const, which depends on the composition of the scintillator. 


Relationship (8) shows that the effectiveness of the spectrometer is pro- 
portional to the scintillator volume. The true effectiveness of the spectrom- 
eter u for the same neutron energy, i.e., the ratio of the number of neutrons 
captured by boron nuclei after even one scattering by hydrogen nucleus to the 
total flux of neutrons, may be determined by means of equation 
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2D 


erat uf sahara )s (9) 


where XZ is the macrascopic absorption cross section of neutrons by boron 

nuclei. Figure 4 shows this relationship for scintillators of two dimensions 
with different composition. As we can see from the figure, when the scintillator 
volume is given, the effectiveness increases with the concentration of boron and 
hydrogen nuclei in the scintillator. For large volume scintillators p differs 
little from u. Indeed, in this case the second term in the expression for u is 
of little significance. 


For scintillators of smaller dimensions (diameter of 40 mm) the difference 
between p and u is greater for obvious reasons. At large energies (10 MeV) 
the discrepancy between p and u is greater than at small energies (1 MeV); in 
the specified energy interval the effectiveness varies approximately by a factor 
of 10, and the difference between p and u is obviously associated with a large 
leakage of neutrons from the volume of the scintillator. 


As we can see from the figure, when neutron energies are greater than -5 
MeV there is a departure from relationships (8) and (9) for all compositions of 
scintillators with a diameter of 80 mm and for compositions 1 and 3 of scintil- 
Lators with small dimensions: the effectiveness of the spectrometer decreases 
with energy and the effectiveness of the scatter-capture process (u) decreases 
more sharply than p. Obviously this phenomenon is associated with the concen- 
tration of boron nuclei and possibly with the concentration of hydrogen nuclei. 
However, it is difficult to explain this effect without experimental verifica- 


tion. 


Figure ) also shows the results for computing p and u in the case of a cy- 
lindrical scintillator (diameter and height of 0 mm). 


A comparison of the effectiveness of spectrometers with cylindrical and 
spherical scintillators shows that the proportionality of effectiveness to 
scintillator volume is retained so that Poy =1.5p and Yoyl = 1.5 Usph? 


where the subscripts "cyl" and "sph" refer to a cylindrical and a spherical 
scintillator, respectively. We should note the following. The fact that the 
spectrometer effectiveness is proportional to the volume (for a given scintil- 
lator composition) makes it possible to extrapolate the obtained results very 
simply to other scintillator dimensions and to carry out computations for 
scintillators which have the form of a sphere. This is substantially simpler 
than calculations for cylinders. 


sph 


The same relationships were obtained in the control calculations for a 
sphere with a diameter of 80 mm and for a cylinder with a diameter and height 


of 80 m. 


The results of the calculations have made it possible to clarify certain 
time relationships for processes in the scintillator, in particular they have 
made it possible to determine the energy dependence of the volume and concen- 
tration of boron nuclei, the value of the interval between the instant of the 
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first scattering by hydrogen nucleus (t = O) and the instant of such a neutron 
capture by a boron nucleus. 


Thus it was established that for a given scintillator volume and composi- 
tion the time distribution does not depend on the energy (fig. 5) when t S 0.05 
sec. (It is possible that the discrepancy at t < 0.05 sec is explained by 
certain approximations made in the calculations.) 


The time distribution varies depending on the scintillator volume (fig. 6) 
and for a scintillator of large dimensions the scatter-capture processes are 
separated more uniformly in time than for scintillators of small dimen- [298 
sions. 


We note that from the point of view of the technical realization of a 
spectrometer with boron-hydrogen scintillator it is expedient to use a scintil- 
lator of large dimensions, because in this case, within the limits of a rational 
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Figure 5. Time distribution of scatter-capture processes 
n as function of energy: 1, 1 MeV; 2, 4 MeV; 3, 10 MeV. 
Sphere diameter is 40 m. 
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Figure 6. Time distribution of scatter-capture processes 
nas function of scintillator volume (E, = 1 Mev): 1, 


sphere with diameter of 40 mm; 2, cylinder with dimen- 
sions 40 X 40 mm; 3, sphere with diameter of 80 mn. 


value for the resolution time of the coincidence scheme, the variation in the 
number of scatter-capture processes as a function of time is less pronounced. 


As the concentration of boron in the scintillator is increased, the num- 
ber of scatter-capture processes in the small intervals of time after scat- 
tering increases (figs. 7 and 8), and this is observed for scintillators of 
small and large dimensions; however, according to the law for scintillators 
with a diameter of 80 mm, which has been noted earlier, the variation in the 
time distribution as a function of concentration is less noticeable. 


For composition 2 (trimethyl borate with enriched boron) there is a devia- 
tion from the linear law for 2 usec. Apparently this is associated with the 


high boron concentration and the sharp variation in the magnitude of the time 
interval. 


Figure 9 shows the energy distribution of neutrons which have partici- 
pated in the scatter-capture processes, normalized for an energy interval of 
1 eV. As a rule the overwhelming number of neutrons captured by boron nuclei 
transmit their energy almost entirely to hydrogen or carbon nuclei before the 
capture. Consequently the energy resolution of the spectrometer, asso- /300 
ciated with the principle of its operation, is rather high, and the total 
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Figure 7. Time distribution of scatter-capture processes 
n as function of boron concentratior in scintillator 
(sphere diameter of 40 mm): 1, second composition; 2, 
first composition; 3, third composition. 


resolution of the spectrometer is determined by the peBOTUSTON of the scintil- 
lator and of the photomultiplier. 


Having clarified the general time characteristics of spectrometers, we 
shall attempt to evaluate the optimum resolution time of the coincidence cir- 
cuit and the general electronic circuit of the spectrometer proceeding from 
real possibilities and from the achievement of maximum recording effective- 
ness of the scatter-capture events. 


Let us assume that in order to achieve a reliable recording of true events 
the following relationship must exist between the number of false and useful 
coincidences 

Ny=uN,  (a<). (10) 

It is known that 


N, = BN2t, (12) 


Wh 


where T is the resolution time of the coincidence circuit; B is the probability 
that interactions are recorded; N, is the number of useful coincidences; Ny is 
the number of false coincidences. 


At the same time 


Mi aos ZN, (12) 
where 


L= = uj/ty, 
t 


u,; is the number of recordings of the scatter-capture events in the i-th inter- 


val of time; summation is carried out from t = tp (to is the delay time) in the 


intervals i,3 i, + i,3 i + 1, + in, etc. 


As a result of simple transformations we obtain the following expression 
from equations (10), (11) and (12) 


N, = AZ?/t, 


(13) 


where A = const. 
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Figure 8. Time distribution of scatter-capture processes 
n as function of boron concentration in scintillator 
(sphere diameter of 80 mm): 1, second composition; 2, 
first composition; 3, third composition. 
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Figure 9. Energy distribution of neutrons n, captured 
by boron after scattering by hydrogen (normalized for 
energy interval of 1 eV): 1, second composition; 2, 
first composition; 3, third composition. 


It is clear from this presentation that [301 
‘ 
t= >. Al;, k=i, 2. 3,... 
i==1 (14) 


Assuming that the delay time ey is approximately equal to 0.1 usec, we 


have carried out calculations by means of equation (13) (fig. 10). 
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Figure 10. Effectiveness of spectrometer as function of 
coincidence circuit resolution time: 


Curve number Sphere diameter in mm | Composition number 
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By comparing the curves presented in figure 10 we can draw the following 
conclusions. 


1. The effectiveness of the spectrometer as a function of the coincidence 
circuit resolution time has a maximum whose position is different for scintil- 
lators of various dimensions and compositions. 


2. The effectiveness of the spectrometer is directly proportional to /302 
the concentration of boron nuclei. 


Lh? 


3. For scintillators with large boron nuclei concentrations the maximum 
value of the effectiveness is more clearly pronounced. 


k. The maximum value of the effectiveness is less clearly pronounced for 
seintillators of large volumes. 


5. For a cylindrical scintillator the maximum effectiveness is less pro- 
nounced than for a spherical one when the diameters of the sphere and the cy- 
linder base are the same and are displaced in the direction of large coincidence 
circuit resolution time. However, the value of effectiveness at the maximum 
in this case is the same within the limits of computational error. 


The data in figure 10 have been used to determine the maximum permissible 
fluxes of monochromatic neutrons and the corresponding numbers of useful coin- 
cidences. It was assumed in the calculation that A = 1 and that Z corresponds 
to the maximum value of the curves in figure 10. We found that the fast neu- 
tron scintillation spectrometer with boron-hydrogen scintillator can operate 
only in relatively small neutron fluxes. Thus, when E = 1 MeV, the flux / 303 


must not exceed (3-)) 10" sect and when E = 10 MeV, it must not exceea 103 


sect, 


Conclusions 


The results of calculations and an analysis of characteristics associated 
with boron-hydrogen scintillator spectrometer have shown that of all the con- 
sidered compositions the most suitable one is a mixture of equal quantities of 
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Figure 11. Proposed block diagram for spectrometer with 
boron-hydrogen scintillator: 5S, scintillator; CF, cathode 
follower; FEU, photomultiplier; PA, preamplifier; A, 
amplifier; LA, linear amplifier; DL, delay line; CC, 
coincidence circuit; BU, blocking units; EG, electronic 
gate; SA, single channel pulse amplitude analyzer; 

CSFFO, control single flip-flop oscillator; L, limiter; 
PAA, multichannel pulse amplitude analyzer. 
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xylene or phenylcyclohexane with trimethyl borate with enrichment of BLO up to 
80 percent, poured into a vessel with a diameter and height of 80 mm. The re- 
solving time of the coincidence circuit in this case must be equal to approxi- 
mately 1.5 usec. 


Based on these facts the spectrometer block diagram shown in figure 11 has 


been adopted for developmental work. To decrease the number of random coin- 
eidences in the control circuit of the spectrometer a single channel pulse 
amplitude analyzer has been introduced. 
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SINGLE CRYSTAL FAST NEUTRON SPECTROMETER FOR 
MEASURING CONTINUOUS SPECTRA 


Yu. A. Yegorov and Yu. V. Pankrat'yev 


The method of recoil protons is widely used to measure the energy [304 
of fast neutrons. This method is also used to measure neutron spectra by means 
of scintillation equipment. There are several types of fast neutron scintilla- 
tion spectrometers (refs. 1-4), but the spectrometer with a single hydrogen- 
containing scintillator differs from the other types of scintillation spectrom- 
eters by its high effectiveness. 


The sensitivity of such a spectrometer to y-radiation has limited its 
possibilities to the present day. However, the possibility of detecting the 
difference in the dexcitation time of several organic scintillators when they 
are irradiated by protons and electrons (ref. 5) and the development of the 
method for discriminating against pulses due to y-radiation (refs. 6 and 7) 
have made it possible to use the single crystal spectrometer extensively for 
various measurements. 


If Ny neutrons with energy Ep, enter a scintillator of thickness d, per 


unit time, the number of recoil protons N, formed as a result of single neutron 


scatterings by protons, will be equal to 


Np=No(l -c7*r") when d< (1) 


Pp 


where Zp = Np (Eo) 5 n is the concentration of hydrogen nuclei in the scintilla- 


tor; o, is the effective scattering cross section of neutrons with energy Eo by 


Pp 


protons. The number of recoil protons with energy in the interval from E, to 


Ey + dE, is equal to 


ee) Aen 


an E,<E 
Neon te : when £)y)<. £o 


hen 
0) when Ey> Ly, (2) 
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i.e., the distribution of recoil protons according to energy is a function 
which breaks off sharply when Ey = Ep. If a recoil proton with energy ED pro- 


duces a pulse with amplitude h = h (Ep), the distribution of pulses according 


to amplitude will also be represented by a function which breaks off sharply at 
h = ho, where hy is the amplitude of the pulse corresponding to the total ab- 


sorbtion of neutron energy Ey. However, this result is only possible if the 


relationship between the absorbed energy and the light output of the scintil- 
lator is linear, when the statistical fluctuations in the magnitude of the 

pulse at the output of the photomultiplier are absent and the dimensions of the 
crystal, on the one hand, are sufficiently small (which eliminates the possi- 
bility of multiple neutron scattering), and, on the other hand, are sufficiently 
large so that the recoil proton energy is totally absorbed. 


The amplitude distribution of pulses measured by means of a spectrometer 
differs radically from the distribution which breaks off: the boundary of the 
amplitude spectrum is somewhat diffuse, which is due to the simultaneous action 
of statistical fluctuations, the nonlinearity of light output and the incom- 
plete absorption of recoil proton energy. In connection with this the ampli- 
tude distribution may be represented in the form of the function 


thy Zz 
Ce Li lea) < : Xd 
N (h) dh=dh \ ye (a dhy x ( Wen Ge) dE, (3) 
U wT IN Uy ' 


"po 


where R(ho) is the width of the Gaussian distribution for h = hp, obtained by 


differentiating the integral distribution. If in the processing of measurement 
results for the continuous fast neutron spectrum, for example, the spectrum of 

the nuclear reactor, we do not take into account ‘the Gaussian spread, then ex- 

pression (3) may be written in a simpler form and the spread effect may be 


taken into account by means of special corrections, [305 
oa E -x d 
N (A) dh =: \ NM) (-r¢ UP) 
(4) dh = \ i: dE. (1) 


My 


If the amplitude distribution corresponds to the recoil proton spectrum, 
then by differentiating expression (4) and solving it with respect to N(E,); we 
find 


N(E,) dE, = —-_/0 _ Fav 
( 0) 0 iene [ dE, E alta’ (5) 
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However, expression (5) is valid only when the relationship between the 
light output of the scintillator and the recoil proton energy absorption is 
linear, because it is only when this condition is observed that the recoil pro- 
ton spectrumcoincides with the amplitude distribution. In order to take into 
account the variation in the light output of a crystal as a function of proton 
energy, it is necessary to introduce a correction into equation (5). As a re- 
sult we obtain in place of equation (5) the relationship 


IE, fn __ f aL a(n) 
N (Bo) dE = ben 2p [ aae= “de Je =n” ” 


where L = L (Ep) is the variation in the light output as a function of proton 
energy. 


As follows from a preceding consideration, equation (6) does not take into 
account the multiple scattering of neutrons in the crystal, the scattering of 
neutrons by carbon nuclei and also the effect of incomplete energy absorption 
by recoil protons, If we take into account the multiple scatterings in tolu- 
ylene crystals of average dimensions (diameter of 30 mm and a height of 10-20 
mn), then according to the data contained in references 8 and 9 this does not 
lead to a noticeable distortion of recoil proton spectrum, particularly since 
this effect is partially compensated by the incomplete absorption of proton 
energy. 


According to the data in reference 10, the correction for the secondary 
scattering and leakage of recoil proton energy may be computed approximately by 
means of the equation 


Sy (Ho) 


DX, (0.068E) 
0,077 <= (7) 


Rnax £o 
SOS et OD ov ‘ 


where D is the crystal diameter; V is the crystal volume; Ry,,(E)) is the 
radius within whose limits the proton undergoes frontal scattering. 


Equation (7) is obtained for a cylindrical crystal, assuming that the neu- 
tron flux falls perpendicular to its base. The first term in this equation de- 
termines the correction for secondary scattering, and the last two terms 
determine the correction for proton energy leakage. Equation (7) makes it pos- 
sible to determine the optimum crystal thickness d for which the total action 
of both corrections is a minimum. According to the data of reference 10, the 
optimum crystal thickness varies from 1.4 mm at Eo = 1 MeV to 18 mm when Eo = 


10 MeV. If, on the other hand, the spectrometer is designed to measure the 


continuous spectrum over a rather wide energy range, then apparently the opti- 
mum thickness is approximately 10 mm. 
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However, when measuring neutron spectra in the presence of intense back- 
ground y-radiation it is sometimes necessary to decrease the crystal thickness 
in order to decrease the sensitivity of the spectrometer to y-quanta, even when 
a special scheme is used to discriminate against y-pulses. For this reason a 
toluylene crystal with a thickness of 5 mm was used in the described spectrom- 
eter, which was designed for taking measurements on a nuclear reactor. Figure 
1 shows the corrections for such a crystal as a function of neutron energy, 
computed by means of the equations presented above. As we can see from the 
figure, the correction for secondary scattering (curve 2) varies insignificant- 
ly, whereas the correction for incomplete proton energy absorption (curve 1) 
increases sharply with energy. These curves were used in processing the 
sults of measurements, 


It is not necessary to take into account the effect of neutron scattering 
by carbon nuclei when processing the measurement results, because the [306 
carbon recoil nuclei when this energy is the same as that of the recoil hydrogen 
nucleus, produce a light flash much smaller than that produced by the protons 
(ref. 11). At the same time, the carbon recoil nucleus receives approximately 
four times less energy than the recoil protons. The effect produced by the 
carbon reaction, which leads to the formation of charged particles, is negli- 
gibly small, because the cross sections of these reactions are much smaller 
than the (n, p)-interaction cross section. 


Depending on the neutron energy, the effectiveness computed by means of 
equation (1) for a toluylene crystal of 5 mm thickness varies from 3 percent 
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Figure 1. Corrections used for processing measure- 
ment results of continuous fast neutron spectra for 
toluylene crystal of 5 mm thickness: 1, correction 
for wall effect; 2, correction for secondary scat- 
tering; 3, effectiveness of recording neutrons. 
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for Ep = 2 MeV to 1.3 percent when Ep =10 MeV (fig. 1). No other fast neutron 


scintillation spectrometer has such a high effectiveness. The single crystal 
spectrometer is designed to operate with the FEU-33 photomultiplier. To ex- 
clude the effect of background y-radiation, a discrimination scheme is used as 
proposed in reference 6. The discrimination scheme is balanced by a [307 
device whose block diagram is shown in figure 2. By means of this scheme every 
impulse on the screen of the oscilloscope is represented by a luminescent point 
(fig. 3). When the scheme is adjusted, an operating condition is achieved such 
that the pulses from electrons (the lower luminescent line) have a minimum 
amplitude. 


The spectrometer for measuring the continuous fast neutron spectra is as- 
sembled according to the block diagram shown in figure }. A pulse whose ampli- 
tude is proportional to the recoil proton energy is picked up from one dynode 
of the photomultiplier and is transmitted through the cathode follower to the 
linear pulse amplifier. The amplified pulse is transmitted through the delay 
line to the electronic gate. The operation of the spectrometer is controlled 
by a pulse from the output of the discrimination circuit, which is fed through 
the cathode follower to the amplifier and then to the integral discriminator. 
The integral discriminator also serves as a controlled single flip-flop oscil- 
lator and is adjusted so that it is triggered only by the proton pulses. A 
type USh-10 amplifier is used to amplify pulses in both channels; the pulse am- 
plitude analyzer consists of the type AI-100-1 100-channel analyzer. 


The quality of spectrometer operation was checked by measuring the neutron 
spectra from Po + Be, Po + B sources of a nuclear reactor and the deformation 
of the Po + Be source spectrum in water. The source spectra and reactor /308 
measurements were carried out with a collimated flux; for this purpose the 
spectrometer sensor was placed into a cylindrical collimator made of paraffin 
with boron carbide and lead (fig. 5). The deformation of the spectrum was 
measured under conditions close to the conditions of "infinite" geometry. 


Figure 2. Block diagram of device for balancing 
discrimination circuit: S, source of fast neu- 
trons or y-quanta; FEU, spectrometer sensor with 
a discrimination circuit; CF, cathode follower; 
A, amplifier; SU, shaping unit; BU, bias light- 
ing unit; I0-4, oscillograph (signals are fed di- 
rectly to deflection plates of cathode ray tube). 
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Figure 3. Oscillogram of pulses observed on screen of 
I0-4 oscilloscope when crystal is irradiated by neu- 
trons and by Y-quanta from Po + Be source and by 


60 
vy-quanta from Co source. 


Figure 4. Block diagram of single crystal 
fast neutron spectrometer: §S, -radiation 
source; FEU, -spectrometer sensor with dis- 
erimination circuit; CF, cathode follower; 
LPA, linear pulse amplifier; DL, delay 
line; EG, electron gate; A, amplifier; D, 
integral discriminator; PAA, pulse ampli- 
tude analyzer. 


Figure 5. External view of spec- 
trometer sensor in collimator on 
vertically adjustable stand. 
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Neutron flux, rel. units 


Neutron energy, MeV 


Figure 6, Spectrum of fast neutrons from source 


D (d, n) He>. 


In order to interpret the results which were obtained the spectrometer was 
previously calibrated by measuring the spectra of Compton electrons from csl37, 


1) 
co” and Po + Be source of y-quanta. The data of reference 11 were used to 
make the transformation from electron energy to proton energy. 


The results of measuring the spectrum of (a, n)-neutrons are shown in 
figure 6. In accordance with expression (5) the equipment spectrum of fast 
neutrons was obtained by graphic differentiation along channels beginning with 
the region of maximum amplitudes. The distribution obtained in this manner was 
transformed into an energy distribution by introducing a correction for the ef- 


fectiveness, The measured spectrum of neutrons from the reaction D(a, n)He3 

coincided well with the known spectrum; the results of measuring the spectra 

of Po + Be, Po + B and other sources also agreed well with existing data. A 

good coincidence of the spectra was also confirmed by the correct calibration 
of the spectrometer by means of Y-radiation sources. 


The spectrum of fast neutrons leaving the active zone of the nuclear re- 
actor was measured at the lateral experimental channel of the reactor. The 
neutrons from the active zone travelled along a channel with a diameter of 
100 mm and a length of 2.5 m in a concrete shielding and through a collimator 
(with an opening diameter of 20 mm) and entered the toluylene crystal. The 
results of the measurements are shown in figure 7. Within the limits of 
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Neutron flux, rel. units 


Neutron energy, MeV 


Figure 7. Neutron spectrum of nuclear reactor: 


235 


1, measured spectrum; 2, U fission neutron 


spectrum. 
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experimental error the measured spectrum coincides with the spectrum of U 
fission neutrons in the regions of energies greater than 3 MeV. 


Measurements of the deformation of neutron spectrum from the Po + Be 
source were carried out in a tank with water. The source and the detector were 
placed in water and the distance between them was varied from 0 to 35 cm. The 
data obtained were used to compute the attenuation cross sections of neutrons 
in water as a function of energy. The results agreed with the data presented 
in reference 12. 


Thus the control measurements showed that the spectrometer is reliable in 
operation. In the region of neutron energy greater than 0.9 MeV it is easy to 
process the results of the measurements; the spectrometer is practically insen- 
sitive to y-radiation when the flux of y-quanta is approximately 104 times 
greater than the neutron flux (ref. 13). 
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PERMISSIBLE GAMMA BACKGROUND RADIATION WHEN MEASURING FAST 
NEUTRONS WITH A SINGLE SENSOR SPECTROMETER 


Yu. A. Yegorov, Yu. V. Orlov and Yu. V. Pankrat'yev 


Scintillation spectrometers of fast neutrons with a single sensor, [310 
which discriminate against the background y-radiation on the basis of the time 
difference in the de-excitation of organic scintillators when these are irradi- 
ated by fast neutron fluxes and y-quanta, do not record y-quanta, if the dose 
power produced by them does not exceed a permissible value. When this permis- 
sible dose for the spectrometer is exceeded, discrimination against the back- 
ground y-radiation ceases to function and the spectrometer records Y-quanta 
along with the fast neutrons. 


The value of the permissible dose power depends on the method used in the 
spectrometer to separate pulses due to neutrons and radiation: a method of 
achieving separation by means of electronic circuits (ref. 1) or a method based 
on the use of the space charge to saturate the region between the last dynode 
and anode of the photomultiplier (ref. 2). In addition, the value of the per- 
missible dose power of y-radiation depends on the value of the spectrometer 
energy threshold. It is obvious that as the energy threshold of the spectrom- 
eter becomes higher, the permissible dose power of y-radiation also becomes 
greater. When the energy threshold is decreased the permissible dose power 
also decreases. 


In order to study fast neutron spectra in the presence of background y- 
radiation, the values of the permissible dose power for y-radiation were deter- 
mined for spectrometers with the background y-radiation discrimination schemes 


proposed in references 1 and 2,1 Both fast neutron spectrometers were assem- 
bled according to the same block diagram, and the sensors of both spectrometers 
utilized the FEU-33 photomultiplier with a toluylene crystal of 30 mm diameter 
and 20 mm height. The discrimination circuits for the background y-radiation 
for both spectrometers were constructed in such a way that the energy threshold 


ithe schemes for differentiating against background y-radiation proposed, for 
example, in references 5 and 6 may be used to measure fast neutron spectra 

when we have a substantially smaller background y-radiation and therefore are 
not considered. The results reported in references 7 and 8 coincide with the 


results of the present work. 
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of the spectrometer was equal to 0.6 + 0.1 MeV. The value of the energy 
threshold was determined from the results of measuring the spectra of fast neu- 


trons from the D (a, n) He? reaction. To determine the sensitivity of the 
spectrometer to y-radiation, its sensor was placed in a constant value neutron 
Plux from the Po + Be source, and the dose power of y-radiation was measured. 
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The source of y-radiation was Co-~. 


The results obtained for a spectrometer with a separation scheme which 
compares the pulse of the total charge with the peak pulse are shown in figure 
1. We can see from the Pigure that when the neutron count rate is approximately 


200 min-1 the fast neutron spectrometer does not record y-radiation with a max- 
imum energy of 1.33 MeV, if the dose power y-radiation does not exceed 4 pR/sec. 
As the dose power is increased, the count rate increases and by using a special 
circuit (ref. 3) we can clearly see on the oscilloscope screen that the pulses 

due to y-radiation approach in amplitude the pulses produced by recoil protons. 


The results obtained for the spectrometer in which a space charge /311 
scheme is used to discriminate against background y-radiation are shown in 
figure 2. We can see that when the neutron recording level is approximately 


300 min7+ the spectrometer begins to record the y-radiation of C06 , with the 
dose power 15-20 UR/sec. As the dose power of y-radiation is further increased, 
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the rate of count decreases and the recorded pulses include pulses produced by 
neutrons and by y-radiation. Calculations carried out for this spectrometer 
show that when the dose power of y-radiation is approximately 10 UR/sec the 
effectiveness of the spectrometer relative to fast neutrons from the Po + Be 
source is equal to 14 percent, and relative to the y-radiation from the Go 
source it is equal to 0.005 percent. 


The sensitivity of fast neutron spectrometers, utilizing the space charge 
scheme for discriminating against y-radiation, was checked by measurements con- 
ducted on the nuclear reactor. Experiments have shown that the spectrometer 
records y-radiation with energies greater than 3 MeV. In this case on the last 
dynode of the photomultiplier there are positive overshoots from the negative 
pulses produced by the electrons, in addition to the positive pulses due to the 
recoil protons. The amplitude of the positive overshoots increases with elec- 
tron energy. Thus the background y-radiation discrimination level established 


for 0°? vy-quanta is insufficient when Ey 2 3 MeV. The pulses produced by the 


Compton electrons were clearly seen in the amplitude distribution, and their 
presence was confirmed experimentally by using a filter of paraffin with a 

thickness of 20 cm. The amplitude distribution measured with the filter and 
without the filter, for E, > 6 MeV, were almost unchanged, whereas for En <6 


MeV the number of pulses decreased approximately by a factor of 10. To elimi- 
nate the background y-radiation produced by the reactor, the discrimination 
level in the spectrometer was increased from 0.6 to 2.1 MeV. When the energy 
threshold is 2.1 MeV it is possible to measure the spectrum of fast neutrons 
when the ratio of neutron flux to y-quanta flux is 1:2000. 


To measure the spectrum of reactor fast neutrons in the energy range from 


0.8 to 10 MeV the experiment was conducted twice: for the energy threshold of 
0.6 and 2.1 MeV, respectively, (ref. 4). 
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THE GAMMA-SPECTROMETER BASED ON THE FORMATION OF 
ELECTRON-POSITRON PATRS 


V. N. Avayev, Yu. A. Yegorov and Yu. V. Orlov 


Annihilation y-radiation consisting of two y-quanta, each with an [312 
energy of 0.51 MeV, occurs when the substance of the scintillator absorbs the 
energy of y-quanta due to the formation of the electron-positron pair. If the 
dimensions of the scintillator are small, the annihilation y-quanta escape from 
it. In this case an energy Ey = Ey 1-02 MeV is absorbed in the scintillator. 


This makes it possible to design an electron-positron pair scintillation spec- 
trometer with definite advantages over other spectrometers. The spectrometer 
system is designed to measure the amplitudes of only those pulses due to the 
absorption of y-quanta energy as a result of the pair formation process. To 
achieve this, the sensors of the spectrometer, in addition to the scintillator 
illuminated by the flux of source y-quanta, contain two auxiliary scintillators 
to record the annihilation y-quanta. 


When the amplitude distribution of pulses is measured when the central 
scintillator is illuminated with a flux of monochromatic y-quanta, a single 
maximum is obtained and a relatively small low energy distribution. This dis- 
tribution is due to the leakage of retardation radiation and of electrons from 
the central scintillator. 


When complex y-spectra are measured, a single maximum corresponds to each 
y-line in the amplitude distribution. 


Since the low energy background radiation is small, it is not necessary to 
introduce corrections for the low energy distribution in a series of cases when 
measuring the continuous y-spectra. 


These merits of a scintillation y-spectrometer involving the electron- 
positron pairs may, indeed, distinguish it advantageously from other y- 
spectrometers, particularly from spectrometers with a single scintillator of 
even large dimensions. 


The difficulties associated with the interpretation of results, when mea- 
surements of complex y-spectra are carried out by a spectrometer with a scin- 
tillator of relatively small dimensions are well known (for example, with a 
scintillator whose diameter and height are less than 40 mm). The measured dis-~ 
tribution of pulse amplitudes may simultaneously contain three distributions: 
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a continuous Compton distribution for each y-line, the peaks of the total y- 
quanta energy absorption (due to the photoeffect or multiple scatterings) and 
peaks of energy absorption due to the effect of pair formation, where for a 
single energy of y-quanta it is possible to have three peaks (ref. 1). 


The situation is somewhat simpler, if the dimensions of the scintillator 
are sufficiently large (for example, a diameter and height of 80 m). However, 
in this case the processing of measurement results for the continuous y-spectra 
is rather difficult and requires a large number of preliminary calculations 
(ref. 2) or experiments (ref. 3). 


The measurement of continuous y-spectra by means of the Compton spectrom- 
eter is possible only for energies less than 2-3 MeV. For large energies the 
basic peak is accompanied by peaks due to the pair formation effect (refs. 4 
and 5). 


In addition it should also be pointed out that a spectrometer of pairs is 
practically insensitive to fast neutrons. The property of the pair scintilla- 
tion spectrometer is particularly valuable, if the spectrometer is used to mea- 
sure the y-spectra in the presence of a neutron background, for example, when 
measurements are made on nuclear reactors. 


However, the scintillation y-spectrometer of pairs has two signifi- [313 
cant shortcomings: first, the effectiveness of the spectrometer is small and 
in its order of magnitude lies between the effectiveness of the spectrometer 
with a single scintillator and the effectiveness of the Compton spectrometer; 
in the second place, the electronic circuits of the spectrometer are rather 
complicated. 


Nevertheless, the scintillation y-spectrometer of pairs described below is 
successfully used to measure the deformation of nuclear reactor y-spectra ina 
shielding for the region where the y-quanta energy is greater than 1.5 MeV and 
for investigating the output of capture y-radiation. 


A block diagram of the scintillation y-spectrometer of pairs is shown in 
figure 1. The central scintillator is mounted on the FEU-1 photomultiplier, 
and the signal from this photomultiplier passes through the cathode follower 
CF, is amplified by the amplifier A and is fed to the first delay line 1DL. 
Next the signal passes through the cathode follower CF and then follows 2 cir- 
cuits: to the coincidence circuit CC and through the delay line 2DL to the 
input of the electronic gate EG. 


The signals from the auxiliary sensors (FEU-2 and FEU-2') also pass 
through cathode followers CF to the single channel pulse amplitude analyzers 
AA, which select only those pulses due to the complete or almost complete ab- 
sorption of annihilation y-quanta energy in the scintillators of the auxiliary 
sensors, 


The pulses from the amplitude analyzers are shaped by the shaping unit SU 


and fed to the input of the first coincidence circuit 1CC. If coincidence takes 
place, the pulse from the output is fed to the second coincidence circuit CC. 
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Figure 1. Block diagram of electron-positron pair y-spectrometer. 
FEU-1, central spectrometer sensor; FEU-2 and FEU-e', auxiliary 
side sensors; CF, cathode follower; A, linear pulse amplifier; 1DL 
and 2DL, delay lines; AA, single channel amplitude analyzer; SU, 
shaping units; 1CC and CC, coincidence circuits; EG, electron 
gate; LD, limitor-discriminator; PAA, 100 channel amplitude 


analyzor. 


If a pulse from the main spectrometer channel also appears at the CC circuit at 
this time, the second coincidence circuit opens an electronic gate and the 
pulse from the main channel passes through the limitor-discriminator LD to the 


pulse amplitude analyzer PAA. 


In reality it is possible to have certain effects of greater complexity 
which cause all of the circuits to operate, even though energy absorption has oc- 
curred rather than the effect produced by pairs. However, these effects are 
insignificant and will be examined below. 


The central sensor in this spectrometer consists of a type FEU-2 spec- 
trometer photomultiplier, which also holds the NaJ(T1) spectrometer crystal with 
a diameter and height of 40 mm. The auxiliary spectrometer sensors use the 
FEU-43 photomultiplier and CsJ(T1) crystals with a diameter and height of /314 
30 mm. The position of the sensor is shown schematically in figure 2. 


The crystals and the photomultipliers are placed in a lighttight T-shaped 
case. This case also contains the cathode followers. The case is mounted on a 
special base with vertical guides (fig. 3) so that the position of the central 
sensor scintillator can be adjusted from 25 to 100 cm relative to the base. 


In order to isolate pulses of definite amplitude, the control channel of 
the spectrometer contains standard AADO-1 single channel analyzers. The AADO 
analyzers are particularly useful in this application, because it is possible 
to control the threshold and channel width in them over wide limits. 


The PAA amplitude analyzer consists of the 100 channel Al-100-1 analyzer. 
The linear pulse amplifier A uses a simple circuit with feedback. Its 


gain is controlled and varied from 10-180. The remaining units of the block 
diagram form the commutation and signal shaping system. 
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Figure 2. Position of spectrom- 
eter sensors. 


The basic characteristics of the signal shaping and commutation system are 


-6 


as follows: the resolving time of the first coincidence circuit is 1 X 10 


sec; the resolving time of the second coincidence circuit is 1.5 X 10-6 sec; 
the duration of the control pulses is 3.5 bsec; the transfer coefficient of 
the basic signal is approximately 0.2. 


All of the electronic units of the spectrometer are assembled on two racks 
(fig. 4), which in addition to the units described above contain the high volt- 
age rectifier (HVR) for feeding the photomultipliers and two counting systems 
used to control the operation of the coincidence circuits and to carry out the 
integral count at the output of the electronic gate. 


Since the voltage stabilization coefficient of the type HVR rectifier is 
small, stabilization circuits similar to those described in reference 6 are 
used to feed the photomultipliers into the spectrometer. 


In checking the operation of the spectrometers without the amplitude an- 
alyzers in the control channel of the spectrometer, it became clear that the 
low energy distribution, which accompanies the formation of pair peaks, is 
rather large (fig. 5) and is primarily due to the formation of false coinci- 
dences in the auxiliary sensors during the simultaneous absorption of the ener- 
gy of source y-quanta in the central sensor due to Compton scattering. 


A contribution to the low energy distribution is also made by the proces- 
ses of double Compton scattering: the source y-quantum first undergoes Compton 
scattering in the scintillator of the central sensor, so that the secondary 
y-quantum enters the scintillator of one of the lateral sensors and there un- 
dergoes Compton scattering. The scattered y-quantum enters the scintillator of 
the second auxiliary sensor and is absorbed there. This effect is particularly 
noticeable when the energy of y-quanta is slightly greater than 1.02 MeV. 
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Figure 3. External view of unit containing 
spectrometer sensors, 


The introduction of analyzers with a window width from 400 to 550 keV into 
the control channel (in order to select the thresholds and channels of ampli- 


tude analyzers, the amplitude distribution due to Hg@03 and cst37 Y-quanta was 
measured in the control channel of the spectrometer by means of these same 
analyzers) substantially reduces the number of false coincidences and complete- 
ly eliminates the recording of double Compton scatterings, because the energy 
of the last y-quantum in this process is close to 250 keV. 


Indeed, while measuring the y-spectrum of the Po + Be source, it has been 
noted that when analyzers are connected to the control channel, the low energy 
distribution decreases almost by a factor of 10 (fig. 5). The same [316 
decrease in the low energy background radiation is observed when measuring the 


v-spectrum of the ac source (fig. 6). The occurrence of low energy background 
radiation, when measurements are made with amplitude analyzers in the spectrom- 
eter control channel, is associated with the incomplete absorption of energy Ey 


(1.02 MeV) in the scintillator of the central sensor, due to partial electron 
leakage and retardation radiation. 
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Figure 4, External view of racks with 
electronic units of spectrometer. 


We can see from figures 5 and 6 that the low energy background radiation 
does not exceed 2-3 percent of the peak height, i.e., it lies within the accur- 
acy of measurements. Therefore, when continuous y-spectra are measured, it is 
not necessary to introduce a correction for the low energy distribution when 
processing the measurement results. This situation makes the pair spectrometer 
a rather useful device for measuring continuous y-spectra. 


Measurements of the Po + Be source y-spectrum and the nuclear reactor y- 
radiation spectrum were made to determine the sensitivity of the pair y- 
spectrometer to neutrons. Measurements were carried out with bismuth filters 
with a thickness of 100 mm (ref. 7) and without filters. 


The Po + Be source produces the same number of y-quanta and neutrons, and 
it is not possible to note the distortion of the y-spectrum due to the sensi- 
tivity of the spectrometer to neutrons. When the reactor y-spectrum is {317 
measured without a bismuth filter in the region of y-radiation energies slightly 
less than 2.5 MeV, the distortion of the y-spectrum by the neutron background 
is observed. However, this distortion, on the average, is equal to 2 percent 
of the measured distribution at these same energies and is somewhat greater at 
smaller energies. 
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Figure 5. Gamma-spectrum of Po + Be source 
measured without amplitude analyzers in 
control channel of spectrometer (1) and 
measured with amplitude analyzers in control 
channel (2). 


Thus the examination of pair y-spectrometer sensitivity to neutrons has 
yielded the following results, 


1. In the region of y-quanta energies slightly less than 2.5 MeV it is 
possible to have some distortion in the y-spectrum (not greater than 10 per- 
cent), which can be eliminated by auxiliary measurements with a bismuth filter 
of 100 mm thickness. 


2. If the ratio of neutron fluxes to y-quanta fluxes is approximately 
equal to unity, the distortion of the y-spectrum is practically unobserved. 
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Figure 6. Na v-spectrum measured by spectrometer 
with amplitude analyzers in control channel (2) and 
without analyzers (1). 


3. When the energy of y-quanta is greater than 2.5 MeV, the distortions 
of the y-spectrum by the neutron background is also unobserved. 


To make a quantitative evaluation of the relationships, the effectiveness 
of spectrometer € is computed for the y-spectrum 


where x is the linear coefficient of y-radiation energy absorption due to the 
formation of pairs in the crystal of the central sensors; » is the total linear 
absorption coefficient for y-radiation in the same crystal; dis the thickness 


of the crystal in the central sensor; t = (1-e7#18), is the effectiveness of 
recording annihilation y-quanta with the auxiliary crystals; Hey is the total 


linear attenuation coefficient for y-radiation with an energy of 0.51 MeV by 
the auxiliary crystal; Ris the average distance travelled by the annihilation 
Y-quanta in the auxiliary crystal; k is the coefficient which takes into ac- 
count the analyzer channel widths in the spectrometer control channel; € is the 
correction for the absorption of annihilation y-quanta in the scintillator of 
the central sensor; q@ is a solid angle covered by the auxiliary scintillators; 
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es is a correction for the "threshold" of the spectrometer; Ey is [318 
the threshold energy of the spectrometer. 


As the energy of y-quanta increases, the correction for the spectrometer 
threshold rapidly decreases. For the spectrometer described above the magni- 
tude of the threshold energy is approximately 250 keV and when EY 2 2 MeV 


Ey—h. 
tN 
hes oa 
We note that the value of t in the first approximation does not depend on 


the energy of the investigated y-quanta, and it can be neglected when process- 
ing the measurement results. 


To determine the true effectiveness of the spectrometer we computed the 
quantity /p (1-e7M4) as a function of energy and normalized it according to 
the results obtained by measuring the y-spectrum of the Na+ source of known 
activity. The effectiveness obtained from measurements with the Po + Be source 
agreed sufficiently well with computed results (fig. 7). 

As we can see from figure 7 the effectiveness of the pair y- 


spectrometer varies approximately from 5 X 1073 percent with Ey = 2 MeV to 


5 X 107° percent with EB = 10 MeV. The value of spectrometer 
effectiveness substantially exceeds the effectiveness of magnetic 
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Figure 7. Variation in effectiveness of spectrometer 
as function of y-quanta energy: --————, computed 
data; @@@e, experimental data. 
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pair y-spectrometers. By using auxiliary scintillators of large dimensions and 
placing them in such a way thataqa 21, the effectiveness of the spectrometer 
may be increased further. The increase in the effectiveness may also be 
achieved by controlling the quantity €, i.e., by selecting the optimum dimen- 
sions of the central scintillator. 


REFERENCES 


Stolyarova, Ye. L. and Konstantinov, I. Ye. Pribory i Tekhnika Eksperi- 
menta, No. 1, 28, 1957. 


Maeder, D. Muller, R. and Wintersteiger, V. Helv. phys. acta, Vol. 27, 3, 
1954. 

Kazanskiy, Yu. A. Pribory i Tekhnika Eksperimenta, No. 4, 32, 1959. 

Konstantinov, I. Ye. The Application of Scintillation Spectrometers for 
Investigating the Continuous Spectra of y-Radiation. IN: Some Problems 
of Engineering Physics (Primeneniye stsintillyatsionnykh spektrometrov 
dlya issledovaniya nepreryvnykh spektrov y-izlucheniya. V sb.: Nekotory- 
ye voprosy inzhenernoy fiziki). No. 3, Moscow, MIFI. 1958. 


Burmistrov, V. R. and Kazanskiy, Yu. A. Pribory i Tekhnika Eksperimenta, 
No. 1, 32, 1957. 


Keirim-Markus, I. B. and Lisitsina, V. P. Atomnaya Energiya, Vol. III, 
157, 1957. 


Yegorov, Yu. A. and Orlov, Yu. V. P. 47h of this volume. 


473 


APPLICATION OF A SINGLE CRYSTAL GAMMA-SPECTROMETER 
FOR TAKING MEASUREMENTS ON A NUCLEAR REACTOR 


Yu. A. Yegorov and Yu. V. Orlov 


In order to carry out a proper design of nuclear reactor shielding [319 
it is necessary to know the spectrum of y-radiation leaving the active zone of 
the reactor and the transmission spectra of primary and capture y-radiation 
through materials used in the shielding. 


The spectrum of y-radiation leaving the active zone of the reactor may be 
computed approximately; however, it is not possible to compute the transmission 
spectra in practice when considering the capture y-radiation, particularly if 
the shielding consists of several materials. For this reason in the experimen- 
tal investigation of y-spectra from reactors and of transmission spectra of y- 
radiation it is the only presently available method of obtaining reliable data 
on y-spectra from reactor shielding. 


We can measure the spectra of y-radiations leaving the active reactor zone 
and the transmission spectra of y-radiations through shielding materials by ap- 
plying various spectrometers. However, the most suitable spectrometer for such 
measurements is the single crystal scintillation spectrometer for the total ab- 
sorption energy of y-quanta, i.e., a spectrometer with a crystal of relatively 
large dimensions. Such a spectrometer has high effectiveness for recording 
y-quanta and its electronic circuits are simple and stable in operation. 


It has been shown in reference 1 that by using a spectrometer with a 
NaJ (T1) erystal with dimensions of 140 X 200 mm it is possible to measure the 
y-spectra in the energy interval from hundreds of keV to approximately 10 MeV, 
i.e., practically of the entire range of possible y-quanta energies from a 
nuclear reactor. However, it is very difficult to obtain crystals of large 
dimensions with a high spectrometric property, and such crystals are not 
available toall experimentors. 


The application of a single crystal scintillation spectrometer on nuclear 
reactors is complicated by the presence of a substantial neutron background. 


We have made an effort to evaluate the possibility of measuring continuous 
-spectra in the presence of a neutron background by means of a spectrometer 
with a NaJ (Tl) crystal (diameter and height of 90 m) and a CsJ (Tl) crystal 
(diameter and height of 80 mm). The spectrometer was assembled in accordance 
with a conventional block diagram. The crystal was mounted on the spectrometer 
type FEU-43 photomultiplier. A standard linear U1S-2 amplifier, which cannot 
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be overloaded, was used to amplify the pulses. The 100 channel type Al-100-1 
amplitude analyzer was used to analyze the pulse amplitudes in the spectrometer. 
During the measurements the spectrometer sensor was placed into a lead col- 
limeter. The diameter of the collimeter opening could be varied from 0.3 to 4 
em. The length of the collimation opening was 20 cm for any diameter. 


The concept of "total y-quanta energy absorption" has a relative meaning when 
applied to the spectrometer crystal: the dimensions of the crystal are always 
limited and a certain amount of leakage of y-radiation energy from the crystal 
is possible. For this reason the amplitude distribution obtained from meas- 
urements with a monochromatic source of y-radiation always consists of two 
parts: peaks of total energy absorption and a continuous low energy distri- 
bution due to the incomplete absorption of energy. The degree of energy ab- 
sorption completeness is characterized by the value of the photocontribution, 
i.e., by the ratio of the area under the peak of total absorption in amplitude 
distribution to the area under the entire distribution. The magnitude of the 
photocontribution depends on the energy of y-quanta, on crystal dimensions and 
on the density of crystal material. 


For NaJ (TL) and CsJ (T1) crystals of given dimensions, when measurements 
are taken with a collimated beam of y-quanta, the value of the photocontribution 
first decreases rapidly and then remains approximately constant as the energy of 
y-Quanta increases (ref. 2). 


Thus for NaJ (Tl) crystal with a diameter of 12.5 cm and a height [320 
of 10 cm the minimum value of the photocontribution takes place when the energy 
of y-quanta is approximately 6 MeV (ref. 3). Consequently, if we were able to 
obtain a sufficiently high photocontribution with our crystal for ‘ =5 Mev, 


we can assume that the Nad (Tl) and CsJ (T1) crystals with dimensions 80-90 x 
80-90 mm can be used to measure y-spectra in the energy range 0-10 MeV. The 
results of taking measurements by means of a spectrometer with NaJ (Tl) crystal 


are shown in figures 1 and 2. Measurements with sources He’, zr??, C0? and 


a=" were carried out with a collimation opening of 0.8 cm in diameter; the 
sources were placed directly in front of the opening in the collimator. 


Figure 3 shows the amplitude distribution for y-quanta of the Po + Be 
source with an energy of 4.45 MeV. The diameter of the collimating opening 
in the measurements was 2 cm, whereas the source was placed at the distance of 
20 cm from the collimator. The neutron background was excluded from the ampli- 
tude distribution by using the method described below. 


As we can see from the presented figures, the peak of the total energy ab- 
sorption is clearly defined on the background of low energy distribution for all 
measured y-quanta energies. 


We can see from the results of processing the amplitude distributions ob- 


tained during measurements by means of the spectrometer with radiation sources, 
that the amplitude resolution of the spectrometer decreases with y-quanta energy 
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Figure 1. Amplitude distribution for y-radiation 
produced by He~°? (0.279 MeV). Zr? (0.76 MeV) 


and C00? (1.17 and 1.33 MeV), obtained by spec- 
trometer with NaJ (T1) erystal with diameter and 
height of 90 m. 


and for Ey = 2.76 MeV, it is equal to 6.8 percent; the magnitude of the photo- 
contribution also varies with energy increase; however, even for aor = hiks MeV, 


it remains sufficiently large--38 percent. 


In recent times CsJ (T1) crystals have been used in single erystal spec- 
trometers in place of NaJ (Tl) crystals (refs. 4 and 5). The total coefficient 
of y-radiation energy absorption by the CsJ (Tl) crystal is greater than /322 
by the NaJ (Tl) crystal, and consequently, when all other conditions are equal, 
the spectrometer with the CsJ (TL) must have a higher effectiveness and a larger 
value of photocontribution. 


Figure 4 shows the variation and the total effectiveness of a spectrometer 


with a CsJ (T1) crystal (with diameter and height of 80 mm) and with a NaJ (T1) 
crystal (with a diameter and height of 90 mm) as a function of y-quanta energy: 
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Figure 2. Amplitude distribution for Nae? Y- 
quanta (2.76 and 1.38 MeV), obtained by spec- 
trometer with NaJ (Tl) crystal whose diameter 
and height are 90 mm. 


even for smaller dimensions the effectiveness of the spectrometer with a CsJ (TL) 
crystal is greater than that of the spectrometer with the NaJ (Tl) crystal. In 
order to compute the effectiveness of the spectrometer with the CsJ (TL) crystal 
we utilize the absorption coefficients for the y-quanta energy presented in ref- 
erence 6 and recomputed for the CsJ (Tl) crystal. 

The results of measurements taken with the CsJ (T1) crystal spectrometer 
of na’ vy-spectra and Po + Be y-spectra are shown in figures 5 and 6. The meas- 


urements were made with a collimation opening diameter of 2 cm. In the Po + Be 
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Figure 3. Amplitude distribution for y-quanta 
with energies of 4.45 MeV from Po + Be source, 
obtained by spectrometer with NaJ (Tl) crystal 
whose dimensions are 90 X 90 mm. 
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Figure 4. Variation in effectiveness of spec~ 
trometer as function of y-quanta energy for fol- 
lowing crystals: 1, CsJ (Tl) with diameter and 
height of 80 mm; 2, Nad (Tl) with diameter and 
height of 90 mm. 
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Figure 5. Amplitude distribution for Ne?" 
(2.76 and 1.38 MeV) y-quanta, obtained by 
spectrometer with CsJ (Tl) crystal whose 
diameter and height are 80 m. 


source y-spectra (the neutron background is excluded), we can clearly see the 
1.08 and 1.27 MeV lines due to capture y-radiation from lead, and lines with 


energies of 0.8 MeV belonging to pete, as well as the 2.23 MeV line for the 
capture y-radiation from hydrogen. 


The energy resolution of the spectrometer with the CsJ (TL) crystal is not 
quite as good as that of the spectrometer with the NaJ (T1) crystal. However, 
when measuring continuous y-spectra the resolution of the spectrometer is not 
very significant, because if necessary a corresponding correction can be easily 
introduced. 


As was to be expected, the magnitude of the photocontribution for the CsJ (Tl) 
crystal turned out to be somewhat greater than for the NaJ (T1) crystal. There- 
fore the results of measuring y-spectra in the energy range of 0.28-4.45 MeV have 
shown that the spectrometer with the CsJ (Tl) crystal or NaJ (Tl) crystal with 
a diameter and height of 80-90 mm may be used for measuring continuous y-spectra 
in the energy range from 0 to 10 MeV. 
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It has already been pointed out that operation with a single crystal y- 
spectrometer during measurements on a nuclear reactor is complicated by the pres- 
ence of a substantial neutron background. The neutron background can be excluded 
from the measurement results by introducing corresponding corrections obtained by 
repeating the measurements under the same conditions with a bismuth filter. 


As we know, the capture cross section of bismuth is very small [324 
(o = 0.015 barn) over a wide range of neutron energies; however, because it has 


a high density {op = 9.8 afeae) it is at the same time a good absorber of y- 
quanta. Consequently, by subtracting the results of the second experiment from 
the results of the first experiment we can exclude the neutron background. In 
order to determine the required thickness of the bismuth filter, we recorded the 
y-spectrum of the Po + Be source with filters of various thicknesses (from 0.8 
to 15 cm). The results obtained are shown in figure 7 for filters with thickness 
of 0, 5, 10 and 15 em (the diameter of the collimating hole was 2 cm). 


The amplitude distributions which were obtained were used to construct at- 
tenuation curves for individual energy groups (or channel groups ) as a function 
of filter thickness (fig. 8). The region of the attenuation curve with a sharp 
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Figure 6. Amplitude distribution for Po + Be 
source y-quanta obtained by spectrometer with 
CsJ (Tl) crystal whose dimensions are 80 x 80 
mm. 
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Figure 7. Amplitude distribution for Po + Be source y-quanta obtained 
by measurements with bismuth filter of different thicknesses. 
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Figure 8. Attenuation curves for number of regis- 
trations in channels as function of bismuth filter 
thickness for Po + Be source: 1, for 20th channel 
(E = 1.2 MeV); 2, for 71st channel (z, = 4.45 Mev). 


incline corresponds to the attenuation law for y-quanta flux, and a shal- 
lower region corresponds to the attenuation law for the neutron flux. The at- 
tenuation coefficient for y-radiation agreed well with existing data for E = 


4.45 MeV. For all channel groups the neutron attenuation coefficient turned 
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out to be the same and equal to 0.029 ent, within the limits of experimental 
error. 


Analogous experiments were conducted in investigating the y-spectra by 
means of a reactor. The coefficient of attenuation for reactor neutrons also 


turned out to be equal to 0.027 ent, within the limits of experimental error. 


We can see from the attenuation curves that the bismuth filter with  /325 
a thickness of approximately 10 cm, for all practical purposes, produces com- 
plete attenuation of the y-quanta flux, and in the experiments it is not neces- 
sary to carry out measurements with an assembly of bismuth filters: it is suf- 
ficient to measure the spectrum either without a filter or with a filter of 10 
em thickness. When the y-spectrum is measured in the presence of a neutron 
background, the number of y-quanta registrations in each channel may be deter- 


mined from the relationship 
NY = N -L.5N,;> 


where N is the- total number of registrations in the channel during measurements 
without a filter; NB; is the number of registrations in the same channel when 


measurements are made with a filter. 


The error made by excluding the neutron flux from the amplitude distribu- 
tion obviously depends on the relationship between y-quanta fluxes and neutron 
fluxes and increases with the neutron flux. The Po + Be source generates ap- 
proximately the same number of neutrons and quanta, and, as we can see from 
figure 7, the contribution made by neutrons to the amplitude distribution is 
quite significant. Thus, in the region of the 20th channel Se = 1.2 MeV) the 


number of pulses from the y-quanta equals 5-7 percent of the total number of 
pulses. However, even for this case the error introduced by eliminating the 
neutron background does not exceed 15-20 percent. 


When investigating the transmission of y-radiation through shielding 
materials of the reactor, the flux of y-quanta, as a rule, is substantially 
greater than the flux of neutrons. Consequently, the error produced by neu- 
tron contribution to the amplitude distribution is less: 5-7 percent in the 
region of small y-quanta energies. 


As an example of results obtained by measuring the y-spectrum in the 
presence of a neutron background, figure 9 shows the instrument spectrum of y- 
radiation which has left the active zone of the water-moderated, water-cooled 
experimental reactor and has passed through a layer with a thickness of 1 m. 
The y-peak with an energy of 2.21 MeV is clearly seen. This peak is due to 
the capture y-radiation from hydrogen, and the y~peak with an energy of 7.8 MeV 
is due to the capture y-radiation from aluminum (aluminum is the basic struc- 
tural material of the reactor) and from iron (walls of the water vessel are 
made of steel and their total thickness is approximately 30 mm). 
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Figure 9. y-spectrum (amplitude distribution) of 
y-quanta leaving active zone of reactor behind 
layer of water with thickness of 1 m measured by 
spectrometer with CsJ(T1) crystal whose dimensions 
are 80 x 80 mm. 


For an energy of 7.1 MeV we can also see the peak which is apparently due 
to the leakage of a single annihilation y-quanta from the crystal when the en- 
ergy of y-quantum, equal to 7.6 MeV, is absorbed due to the formation of the 
electron-positron pair. In this measurement the contribution made by neutrons 
to the amplitude distribution in the region of small y-quanta energies (BE <2 
MeV) is approximately 15 percent. Y 


In order to transform from the measured amplitude distribution to the en- 
ergy distribution it is necessary to know the amplitude distribution for a 
series of y-quanta energy values (refs. 3 and 7). It is not difficult to ob- 
tain such data for the range of energies below 4 MeV. However, when ES > 3 MeV, 


it is practically impossible to obtain the amplitude distributions experimen- 
tally due to the absence of suitable y-radiation sources. The necessary infor- 
mation can be obtained only by calculations with the method of random tests 
(ref. 8). A comparison of experimental data with computed data in the [327 
region of small y-quanta energies (approximately up to 3 MeV) agrees suffi- 
ciently well (fig. 10), and we can hope that significant deviations do not 
exist at high energies. 


Figure 11 shows the experimental and computed values of photocontributions 
for the NaJ(T1) crystal whose diameter and height are 90 mm. The experimental 
points lie somewhat below the theoretical curve, and the reason for this appar- 
ently is the scattering of quanta at the source by surrounding objects, in the 
collimator, by the shell of the photomultiplier, by the crystal packing, etc. 
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Figure 10. Amplitude distribution for NaJ(Tl) erystal 
with dimensions 90 X 90 mm: » theoretical data 
(ref. 8); ----- » experimental data. 


contribution 


Photoelectric 


Energy of Y-quanta, MeV 


Figure 11. Photocontribution for NaJ(Tl) crystal 
with dimensions of 90 X 90 mm: 1, theoretical 
data (ref. 8); 2, experimental data. 
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Conclusions 
The experiments have shown that a single crystal y-spectrometer with a 

Nad(T1) or CsJ(T1) crystal, whose diameter and height are 80-90 mm, may be used 

for measuring the continuous y-spectra in the energy range from 0 to 10 MeV in 

the presence of a neutron background, i.e., for studying the y-spectra on a 

nuclear reactor. 
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STRENGTH OF SPECIAL COMPOSITION CONCRETE AT HIGH TEMPERATURES 
(400-800° C) 


IT. A. Arshinov 


As we know, concrete with special fillers is widely used as biological/ 327 
shielding. Since the shielding may be subjected to high temperatures (up to 
800°C) during the process of exploitation it is necessary, under these condi- 
tions, to use heat-resisting concretes with fillers which provide for satis- 
factory physical, mechanical and shielding properties. 


This article presents the results of investigating the physical and 
mechanical properties of heat-resisting concretes with special fillers con- 
taining iron, carbon, hydrogen and boron. Test samples of the concrete were 
prepared from the following materials: chamotte, serpentine, hematite, graphite 
and iron powders and datolite ore. The binders consisted of the following: 
mark 500 Portland cement produced by the Voskresenkiy Plant, the aluminous 
cement from the Pashiyskiy Plant and water glass from the 'Kleytuk” Plant with 
a modulus 2.47 density of 1.38 and with addition of sodium silicofluoride in 
the amount of 10-12 percent by weight of the water glass. 


The properties of materials utilized in the experiments are shown in 
tables 1-6. 


The concrete samples had dimensions of 10 X 10 X 10 cm; the vibration 
tests were conducted on a standard laboratory vibrating platform after two 
days. Samples which had undergone 7 and 28 days of normal hardening were also 
tested. Before heating the concrete was dried at a temperature of 100-110 C 
for,a period of 32 br.) The heating temperature was increased at the rate of 
150 C per hr up to 800 C. The test samples were held at this temperature for 
a period of 4 hr. After heating the test samples were cooled together with 
the furnace. 


The samples were tested for compression strength 10 days after cooling, 
with the exception of samples made of water glass which were tested immedi- 
ately after cooling. 


Experiments have shown that after heating to 400°C the cube strength of 
concrete containing the Portland cement does not decrease or decreases by in- 
significant amounts (to 9 percent), regardless of the type of fillers used and 
the fineness of the additives. After heating above OO C, the compression 
strength of the concrete decreases, and the extent of this decrease is not the 
same and depends on the fillers used. 
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TABLE 1. PHYSICAL AND MECHANICAL PROPERTIES OF BINDERS. 


Portland cement Aluminous cement 


; from the 
Properties Voskresenkiy 2 Pa ee 
plant noes yP 


Activity, ke/com@.. cc cece cece ee ceeees 509 350 
Normal viscosity of cement 
WASS > POY CEUME » 40:4. 6k oad da See ee wes 26.3 28.5 
Hardening: 
Be TAG oie veiie erste soe: aie Wie Si beislier oie: aces Os 3 hr 20 min 2 br 15 min 
PVG sain aids sia ana, 6 erate aware ele tae area 6 hr 31 min 4 hr 20 min 
Volumetric weight, metric ton 
LY ke eee ee ec eee eee Tel. 1.16 
Specific weight, g/cm3.............45. 3 3.1. 
Specific surface, cm@/8...-ceeceecees 3097 2707 
Fineness of grinding: 
Residue on_sieve with 900 
holes/em“, percent..........0+- 1.34 Buy 
Residue on_sieve with 900 
holes/em“, percent......seeeee- 10.22 23.82 
Quantity passing through sieve 


with 4900 holes/em“, percent... 89.78 


TABLE 2. GRANULOMETRIC COMPOSITION OF COARSE FILLER. 


Total residue (%) on sieves 
3 with the specified number 
Type of filler of holes per 1 mm’ 


20 uke) 
Chamotte........66. 0.4 52.92 
Serpentine......... - 24.18 
Datolites<cccsacenx O77 98.8 


As we can see from figure 1, the strength of the composite concrete which 
contains a mixture of graphite and iron powder with chamotte gravel, as well 
as of the concrete containing hematite sand and chamotte is greater than the 
strength of the dried control samples by 6-16 percent after heating to 600°C. 
The strength after heating to 800 C is 8-41 percent. 


The serpentine concrete with addition of finely ground serpentine sand 
shows a 13 percent decrease in strength after heating to 600°C, and if the 
same quantity of chamotte powder is added, the strength decreases by 33 percent. 
After heating to 800°C the strength of serpentine concrete was substantially 
reduced (from 151 to 55 kg/cem@). 
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TABLE 3. GRANULOMETRIC COMPOSITION OF FINE FILLER. 


Total residues (%) on sieves with specified 
number of holes per 1 mm 


2.5 | 12 | 0.6 | 0.3 | 0.15 < 0.5 


26 yh 
82 
70 
7Th.L 


Type of filler 


Hematite. .cccccccscccessccces 
SEYPENtine.. serves rsenrecsece 
Graphite....... dela aetna euahetehenays 
Chromium-magnesite.......se06 


Chamotte........ ied bee atetasele wie 15.2 65.6 
Trok: powderis.cs% caw wisaewea sat - 0.08 
DACOLA te vc 3 x oso's' 46.7 


TABLE 4}. VOLUMETRIC AND SPECIFIC WEIGHTS AND THE HOLLOWNESS OF 
FILLERS. 


Volumetric weight, 


Type of filler metric tons/m- 


Serpentine gravel... 


Datolite gravel..... eoee 

Chamotte gravel....... sé h9 
Serpentine sand......... Tre) 
Datolite sand....ccacese 34 
Chamotte sand..... Sioshoevers 5k 
Hematite sand...... eee 38 
Graphite .....cccercsseee 57 
Chromium-magnesite...... 7 


Tron powder.....-. 


TABLE 5. GRANULOMETRIC COMPOSITION OF FINELY GROUND ADDITIVES. 


Total residues (%) on sieves 
with the following number 
of openings per 1 cme 


Number of additives which 
have passed through a 
sieve with ee holes/em®, 


Additive 


Chamotte....... 

Serpentine.....seeees ‘ 98.32 
Datos te snes rere 80.20 
Blast furnace dust.... 95 
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TABLE 6. CHEMICAL COMPOSITION OF FILLERS. 


Composition, % 


Form of filler 


Other 


Al20 Compounds 


MgO Fe0 3 


3 
Chamotte........see0- [65.40 | 0.62 | 0.29] 1.96 | 31.5 - 


Davols tec va-aioi va sear [Reet O 4 45 0.96| 2.52] 4.60 | 13.01 
Blast furnace 

GBT aiaweesatoys (22 | 7k - 48.10 |11.9 a 10.6 
Hematite... csisssceeee (16.3% | 92.68 | 1.45 1°76.4 - - - 
‘Chamotte No. 31 

containing boron... | 30.15 2.02 1.50 0.94 | 49.10 | 15.3 0.48 
Serpentine.........+. [44.61 | 2.3 |29.87| 6.44 | 3.26 a 11.98 


When serpentine gravel is combined with hematite sand with additions of 
finely ground chamotte and serpentine powder, the relative strength of the /330 
serpentine concrete after heating to 400-800 C does not decrease; the intro- 
duction of blast furnace dust into serpentine concrete as a fine filler to- 
gether with a finely ground chamotte also causes the strength of serpentine 
concrete to remain constant after heating to 400-800°C. However, when the 
finely ground additive is replaced with serpentine sand, the strength after 
peat to a temperature of 600°C and above is sharply reduced (by 61-82 per- 
cent 


The strength of datolite concrete utilizing Portland cement increased by 
17-35 percent after drying for 32 hr at a temperature of, 100-110 C. Some in- 
crease in strength continued up to a temperature of 200°C. With a further 
increase in temperature the strength began to fall, although after 400°C the 
strength of 32-hr concrete was greater than the strength of the 28-day con- 
erete. When datolite concrete was heated to a temperature of 600 and 800° C, 
the strength decreased rapidly and cracks developed on the surface of the 
samples. 


The limiting temperature at which there is no decrease in strength is 
500° C for concrete with serpentine fillers. 


The datolite concrete with Portland cement is suitable for operation at a 
uniform temperature up to 300° C; the addition of boron carbide in the quantity 
of 0.75-1 percent by concrete weight (recomputed for elementary boron) does not 
have a negative effect on the strength of concrete in the temperature range 
100-800°C. 


The data obtained on concrete with boron containing Portland cement and 
boron containing chamotte fillers are of interest. The Portland cement con- 
tained 3.74 percent B20. and the chamotte fillers contained 15.3 percent B20 2. 
The boron content in the concrete was 3.44 percent. The strength of boron- 


containing concrete samples, which were 28 days old, was 383 kg/cm@, and that of 
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Figure 1. Effect of fillers on relative strength of 
concrete with Portland cement at temperatures of 
400-800°C: 1, graphite + iron powder + chamotte; 2, 
hematite + serpentine; 3, serpentine; 4, blast 
furnace dust + serpentine; 5, datolite. 


samples dried at 100 C was 488 ke/em®, i.e., 28 percent higher. For the con- 


ventional chamotte concrete the strength was 261 and 361 ke/em’, respectively. 
After heating at a temperature 800 C, the strength of boron-containing con-~ 


crete decreased to 11 kg/eme and was 29 percent, whereas the strength of 
conventional chamotte concrete was 37 percent of the dried control samples. 
The residual strength and the thermal stability of boron-containing concrete 
determined by the accelerated method (heating for a period of 4 hr at a 
temperature of 800°C and cooling with water for a period of 10-15 min were 

43 percent and 14 cycles, respectively, and those of the conventional concrete 
were 53 percent and 12 cycles. 


Thus, from the standpoint of strength and thermal stability, con- /334 
crete with boron-containing cement and boron~containing chamotte fillers is no 
worse than the conventional chamotte concrete. 


Aside from the Portland cement we utilized aluminous cement and water glass 
as binders in the experiments with the addition of sodium silicofluoride (10- 
12 percent of water glass weight). 


As we can see from figure 2, concrete with aluminous cement behaves in a 
different manner than concrete with Portland cement in the temperature range of 
400-800°C. Concrete samples heated to 4oo°C displayed a substantial decrease 
in strength; when the temperature was raised to 800°C there was, however, no 
decrease in strength. 
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Figure 2. Effect of fillers on relative strength of 
concrete based on aluminous cement at temperatures 
of 400-800°C: 1, graphite + iron powder + chamotte; 
2, hematite + chamotte; 3, blast furnace dust + 
chamotte. 


The relative strength of composite concrete samples using a mixture of 
graphite powder with iron powder and chamotte gravel was only decreased by 11- 
29 percent after heating in the temperature interval 400-800 C. 


Concrete based on water glass has high strength parameters during com- 
pression. As we can see from the comparative graphs (figs. 3-6), concrete 
based on water glass exhibits a relatively smaller decrease in strength in the 
temperature interval 400-800°C as compared with concretes based on alumina 
and Portland cement. The strength of water glass concrete after heating to 
800°C decreases by only 20-37 percent. The greatest decrease in strength is 
characteristic of concrete which combines graphite powder with hematite sand. 
After heating to temperatures of 400, 600 and 800°C, the strength of this 
concrete was 66, 53 and 33 percent of the strength associated with the dried 
samples, respectively. 


The best results were displayed by a composite concrete with chamotte 
gravel and hematite sand. After drying, its strength was 47 kg/cme and after 
heating at a temperature of 800°C it was 350 kg/em@, i.e., 78 percent of the 
strength of the control samples. 


It is peculiar that the serpentine concrete with water glass has better 
strength parameters in the temperature range of 400-800°C than the chamotte 
concrete (fig. 7). If, for example, the relative strength of the chamotte 
conerete after heating at temperatures of 400, 600 and 800°C was 72, 67 and 
57 percent, respectively, the serpentine concrete had a strength which was 93, 
77 and 67 percent of the control samples strength. 


The introduction of boron carbide into concrete with aluminous cement 
does not produce a negative effect on the strength of the concrete, whereas its 
addition to concrete with water glass somewhat decreases the strength of the 
concrete, but has no effect on the nature of changes in the strength when the 
heating temperature is raised to 800°C (figs. 8 and 9). 
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strength (fig. 10). 
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Figure 3. Effect of binder on relative strength of 
concrete (fillers consisted of chamotte gravel, and 
hematite ore sand: 1, concrete based on water 
glass; 2, concrete based on aluminous cement; 3, 
concrete based on Portland cement. 
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Figure 4. Effect of binder on relative strength of 
concrete at temperatures of 400-800°C (fillers were 
blast furnace dust + chamotte; microfiller was 
chamotte): 1, concrete based on water glass; 2, 
conerete based on Portland cement; 3, concrete based 
on aluminous cement. 


Experiments have shown that the strength of chamotte concrete based on 
water glass increases during the period of seven days of hardening under dry 
air conditions and then begins to decrease. 
day concrete is 10 percent lower than the strength of 3-day concrete. 
ever, the 90-day concrete heated to a temperature of 800°C showed only an 18 
percent drop in strength, whereas the 3-day concrete lost more than half of its 
Consequently, more prolonged aging of concrete with water 
glass before heating results in a substantially smaller drop in strength during 


its subsequent heating to 800°C. 
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For example, the strength of 90- 
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Figure 5. Effect of binder on relative strength of 
concrete (fillers were hematite + chamotte; the 
microfiller was chamotte): 1, concrete based on 
water glass; 2, concrete with Portland cement; 3, 
concrete with aluminous cement. 
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Figure 6. Effect of binder on relative strength of 
composite concrete (fillers were gravel and finely 
ground chamotte additive; fine fillers were graphite + 
iron powder): 1, conerete with Portland cement; 2, 
concrete with aluminous cement; 3, concrete with 

water glass. 


The nature of changes in the strength of concrete based on Portland and 
aluminovs cements during heating to 800 C is due, in particular, to the loss of 
chemically bound water and to the loosening of the concrete as a result of 
various deformation properties associated with its components. 


Samples which were tested for compression strength after drying and heat- 
ing at assigned temperatures of 400, 600 and 800°C were broken into pieces and 
ground into a fine powder. Five test samples weighing 2-4 g each were taken 
from, the powder and were subjected to calcination at a temperature of 900- 
1000 C. 
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Figure 7. Effect of fillers on strength of concrete 
with water glass: 1, hematite + chamotte; 2, blast 
furnace dust + chamotte; 3, serpentine + serpentine; 
4, graphite + iron powder + chamotte; 5, chamotte + 
chamotte; 6, graphite + hematite + chamotte. 
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Figure 8. Effect of boron carbide on strength of 
hematite-chamotte concrete: 1, concrete with 
water glass; 2, concrete with Portland cement; 

3, concrete with aluminous cement; without 
chemical additives; -~—-~---~ with addition of 
boron carbide. 
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Figure 9. Effect of boron carbide on strength of 
conerete (fillers were graphite + iron powder + 
chamotte; microfiller was chamotte): 1, conerete 
with Portland cement; 2, concrete with aluminous 
cement; 3, concrete with water glass; ; 
without chemical additives; --—--—-—-— with addi- 
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Figure 10. Effect of age and temperature on absolute (a) 
and relative (b) strengths of chamotte concrete with 
water glass. 


495 


Degree of igre 


20 100 200 400 58 600 
Temperature, C 


Figure 11. Variation in degree of dehydration for concrete 
based on Portland cement and containing various fillers as 
function of heating temperature: 1, chamotte + chamotte; 

2, blast furnace dust + chamotte; microfiller-chamotte; 3, 
hematite + serpentine; microfiller-chamotte; 4, hematite + 
serpentine; microfiller-serpentine; 5, blast furnace dust + 
serpentine; microfiller-serpentine; 6, blast furnace dust + 
serpentine; microfiller-chamotte; 7, serpentine + serpentine; 
microfiller-serpentine. 


Rg 
d 


mS 


Degree of oe 


° 109 200 490 * 690 800 
Temperature, C 


Figure 12. Variation in degree of dehydration for 
concrete with various fillers as function of heating 
temperature: 1, hematite + chamotte + chamotte + 
boron carbides; 2, blast furnace dust + chamotte + 
boron carbides; 3, same without addition of boron 
carbide. 
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Figure 13. Effect of heating time at temperature of 
400°C on strength of heat resisting serpentine con- 
erete: 1, concrete based on water glass; 2, con- 
erete based on Portland cement; 3, concrete based 
on aluminous cement. 
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Figure 14. Effect of heating time at temperature of 
500° C on strength of heat resisting serpentine con- 
erete: 1, concrete based on water glass; 2, con- 
erete based on aluminous cement; 3, concrete based 
on Portland cement. 
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Figure 15. Effect of heating time at a temperature of 
600°C on the strength of heat resisting concrete (fillers 
are graphite + iron powder + chamotte with addition of 
1.7 percent boron carbide): 1, conerete based on water 
glass; 2, concrete based on Portland cement; 3, concrete 
based on aluminous cement. 
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Figure 16. Effect of heating time at temperature of 
800°C on strength of heat resisting concrete (fillers 
are graphite + iron powder + chamotte + 1.7 percent 
boron carbide): 1, concrete based on water glass; 

2, concrete based on Portland cement; 3, concrete 
based on aluminous cement. 


Figure 11 shows the water loss as a result of calcination at 400, 600 and 
800°C (after a 32-hr drying period at 100°C). 


It follows from the graph that the dry concrete samples based on Portland 
cement lost an insignificant quantity of chemically bound water when heated to 
400°C. When the temperature was raised above 400°C, the loss of water in- 
creased, particularly for t > 600°C. (In this interval there is also a sharp 
drop in strength.) The nature of the curve showing the loss of water during 
calcination is different for concrete samples based on aluminous cement (fig. 
12). When the dry samples are heated to 400° C, there is a loss in the main 
part of the chemically bound water, which agrees with the change in conerete 
strength. With a further increase of temperature from 00 to 800° C, the rem- 
nants of the water are removed. In this temperature range the abreneth of 
concrete based on aluminous cement decreases very little. 


It is peculiar that the minimum water loss during heating in the specified 
temperature interval occurs in the serpentine concrete, whereas the maximum 
loss occurs in the chamotte concrete. 


In addition to the short period h-hr heating, the serpentine and composite 
concretes (involving a mixture of graphite and iron powders with chamotte 
gravel) were subjected to a 48-hr heating. Experiments have shown that during 
the 48-hr heating at a temperature of 00- 500° C the compression strength of 
serpentine concrete remains practically unchanged, compared with its strength 
after a short-period heating (figs. 13 and 1h). 


The prolonged heating of composite concrete based, on aluminous cement and 
water glass with the addition of boron carbide, at 600°C (fig. 15) did not pro- 
duce a decrease in strength. Concrete based on Portiand cement dropped its 
strength to 30 percent. 
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It is peculiar that during a 8-hr heating period at a temperature of 800°C 
(fig. 16) the strength of the composite cement did not decrease, but rather in- 
creased slightly compared with the strength during the short-period heating. 
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PHYSICAL AND MECHANICAL PROPERTIES OF CONCRETE 
WITH SERPENTINE FILLERS 


I. A. Arshinov 


The distinguishing property of serpentine is its capacity to retain [337 
chemically bound water at high temperatures. The chemical composition of ser- 
pentine is as follows: Mg -LSi),019] (OH)g, in which 43 percent is MgO, 44.1 


percent is Sid, and 12.9 percent is HO. 


The amount of chemically bound water in serpentine may vary from [338 
approximately 13 to 17 percent. 


Serpentine is a mineral of the silicate class. Its crystalline structure 


is laminar. Its specific weight is 2.5-2.7 g/cm; its color varies from dark 
green to green-gray. It has a certain pliability which can be felt when it is 


hit with a hammer. 


Serpentine rocks are prevalent in the Urals, North Caucasus, Transcaucasia, 
Siberia and Kazakhastan. 


In our experiments we used serpentine from the Ural formation (town of 
Asbest) with a strength of 400-625 kg /om”, with a volumetric weight of 2.54-2.6 


metric tons /m3 in a chunk, with water absorption of 0.5 percent and containing 
11.7 percent chemically bound water. As an example, figure 1 shows the granu- 
lometric composition of serpentine gravel. Serpentine cement was prepared by 
using Portland, aluminous, expanding, oxide-chloride (MgO + MgC1,) cements and 


water glass with the addition of sodium silicofluoride. The compression strength 
of serpentine concrete was investigated over a large temperature range from 100 
to 800°C, and the prismatic strength was studied in the range from 100 to 200°C. 
The loss of water at high temperatures was also investigated, both by serpentine 
and by serpentine concrete. 


In the first series of experiments the physical and mechanical properties 
were investigated under normal temperatures, using test samples with dimensions 
of 15 X 15X15 cm. The results of testing samples which had undergone a 28- 
day period of normal hardening (table 1) have shown that the strength of 
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Figure 1. Granulometric composition of 
serpentine gravel. 


TABLE 1. COMPRESSION STRENGTH OF SERPENTINE CONCRETE (1:9 COMPOSITION). 


Consumption of mate- 


Water-| Weight | tling|Pack-| compres- 


in of ing 


PyPEH Oh Oise = pete Pert m3, kg a metric the |time,| strength, 
Cement |Sand |Gravel |Water cone, } sec 
tons /m> cm 
Portland 216 | 660] 1281 0.8 2.33 0.0 | 100 
" 212 | 649} 1258 0.9 2.33 0.0 
" 210 | 641] 1ek9 1.0 2.33 65 
: 208 | 644] 1219 ne 2.33 1.0 
" 205 | 627| 1222 1.2 2.33 15 
Aluminous 216 | 610} 1281 0.8 2.33 0.0 | 103 
a 212 | 649] 1258 0.95 2.33 0.0 
Expanding 216 | 660] 1281 0.8 2.33 0.0 
x 212 | 649] 1258 1.0 2.33 0.0 
Oxide-chloride 210 | 641] 12h7 0.96 2.33 0.0 
(MgO + MgClo) 205 | 625] 1214 1.2 2.33 0.0 


serpentine concrete with a mark 400 Portland cement in the amount of 205-216 


kg /m> varies from 82 to 143 kg/em= for a wide range of water-cement ratios; the 
volumetric weight is close to the volumetric weight of conventional concrete. 
The strength of the concrete based on the oxide-chloride cement is approximately 
2 times greater than the strength of concrete with Portland cement. 


The water demand for serpentine concrete is substantially higher, but the 
packing time is not as good as that of conventional concrete. For example, the 
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packing time of conventional concrete, with a 1:9 composition containing gran- 
ite gravel and a water-cement ratio of 0.8-0.9, in our experiments varied from 
7 to 17 sec, whereas for serpentine concrete it was from 90 to 100 sec. 


Concrete samples were also tested in the hot state (100-300°C). The con- 
trol samples were subjected to 28 days of normal hardening. The duration of 
heating was from 3 to 6 hr, of which 1 hr was taken up for reaching the speci- 


fied temperature. 


The cubic and prismatic strengths (table 2) of serpentine concrete using 
aluminous, expanding and oxide-chloride cements decrease when they are heated 
to a temperature of 300 °c. The greatest decrease in cubic and prismatic 
strength is observed in concrete with the oxide-chloride binder at tempera- 
tures of 100-200°C (14-17 percent). When concretes with magnesite and alumin- 
ous cements are heated to 300°C, there is an insignificant decrease in the 
cubic strength (3-9 percent) which for the expanding cement is 19 percent, 


The coefficient of prismatic strength for serpentine concrete ofr all of 
the utilized binders varies from 0.74 to 0.78. When heated to 200°C, the co- 
efficient of prismatic strength of concrete with Portland cement is Heauced to 
0.55, whereas that of concretes with other binders increases from 0.78 to 0.8. 


The investigation of serpentine concrete properties at high tempera- [341 
tures (up to 800%) were carried out by using samples with dimensions of 10 X 
10 X 10 cm. In this series of experiments, concrete samples which had been 
subjected to normal hardening for a period of 28 days were subjected to pre- 
liminary drying at a temperature of 100°C for a period of 32 hr. 


Heating at the assigned temperature was carried on for a period of 4-16 hr 
with a temperature increase rate of 150°C per hr. The samples were tested 10 
days after they were cooled together with the furnace. 


Experiments have shown (table 3) that after heating at a temperature of 
400°C the strength of the serpentine concrete as well as of concrete consisting 
of a mixture of serpentine gravel with hematite sand and blast furnace dust 
do not decrease; after heating at a temperature of 600°C there is an insignifi- 
cant decrease in the strength in the range from 8 to 13 percent. The introduc- 
tion of finely ground chamotte in place of the serpentine additive leads to a 
larger decrease in strength (33 percent). After heating to 800°C, the strength 
of serpentine and composite concretes decreases by 63-76 percent. 


The application of water glass as a binder substantially improves the 
strength parameters of serpentine concrete. Thus, for example, the relative 
strength of concrete with water glass after heating at 800°C was 68 percent 


(135 ke /om@ ) of the strength of the dried control samples. 


In addition to strength, after a 4-hr heating period at temperatures of 
400, 600 and 800°C, the water residue was determined in samples of serpentine 
and composite coneretes. For this purpose the samples which have been tested 
for strength were broken up into small pieces and ground into a fine powder. 
The water residue was determined from the weight loss during calcination. 
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We can see in figure 2 that the greatest residue of chemically bound water 
was contained in the serpentine concrete. After a 4-hr heating period at 400°C 
the samples of serpentine concrete which had undergone preliminary drying re- 
tained almost all of their chemically bound water. Chamotte concrete, after 
heating at temperatures of 400 to 600°C, contained 3.8 and 3 percent of water, 
respectively, and the serpentine concrete contained 13.5 and 9 percent water in 
terms of the concrete weight. 


Thermographic investigations with continuous weighing of the sample showed 
that during heating up to 578°C the serpentine sample loses approximately 20 
percent of all the chemically bound water (11.7 percent), in the temperature 
interval 578-682°c it loses 4.4 percent and it loses the remaining 5 percent 
(or about half of the total water) at temperatures from 682 to 887°C. 


This result radically differentiates serpentine from limonite. As [342 
we can see from the comparative graph, prepared from the thermograms (fig. 3), 
limonite has lost more than 50 percent of all the chemically bound water at a 
temperature of 300°C. 


Comparative data on the loss of water by serpentine, limonite and hema- 
tite were obtained by drying gravel test samples of the specified materials 
until their weight was constant. The size of the gravel was 5-20 mm and its 
weight was 0.5 kg. Test samples of gravel after thorough washing were first 


Degree of dehydration 


Temperature, ro 


Figure 2. Variation in degree of dehydration for Portland 
cement concretes with various fillers as function of heat- 
ing temperature: 1, Chamotte + chamotte, chamotte; 2, 
blast furnace dust + chamotte, chamotte; 3, hematite + 
serpentine, chamotte; 4, hematite + serpentine, serpen- 
tine; 5, blast furnace dust + serpentine; 6, blast furnace 
dust + serpentine, chamotte; 7, serpentine + serpentine, 
serpentine. 
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Figure 3. Loss of chemically bound water by limonite 
and serpentine at temperatures to 900°C. 


TABLE 4, LOSS OF WATER BY SOME OF THE FILLERS DURING HEATING. 


Dehydration, % of concrete weight at the 
following temperatures 


Type of filler 


Hematite 
Serpentine 
Limonite 


dried at a temperature of 40-50°C and then dried at temperatures of 100, 200 
and 300°C until their weight was constant. 


The results of the experiments are shown in table 4, 


The water loss during calcination was determined in test samples dried at 
three specified temperatures. In the case of serpentine the water residue after 
heating at 300°C was 10.5-10.9 percent, and for limonite water residue was 
equal to 5.63 percent or 46 percent of the entire quantity of water (12.3 per- 
cent). Thus these experiments have shown that for serpentine heated at 300°C 
to a constant weight there is practically no loss in the chemically bound water. 


Reference 1 also investigated serpentine concrete with a composition of 
1:1.8:4., The concrete and the serpentine rock were heated for a period lasting 
from several to 1,000 hours, Tests have shown (fig. 4) that the water of crys- 
tallization was liberated very slowly when the samples were heated up to 500°C. 
The authors of reference 1 assume that serpentine can be utilized at least up 
to a temperature of 480°C without losing the water of crystallization. 
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Figure }. Water residue in serpentine rock and 
serpentine concrete as function of heating time 
and temperature (ref. 1): @, serpentine rock; 
X, concrete with serpentine filler. 


From an analysis of curves (fig. 5) the authors of reference 1 conclude 
that at a temperature of 430°C the loss of the water of crystallization during 
a period of 10 years will be only 5 percent of the water content which remained 
in the material after the first 10 hr of heating. 


The temperature deformations of serpentine concrete were investigated [343 
for four cements: Portland, aluminous, expanding and magnesite. When concrete 
containing expanding and magnesite binders is heated to a temperature of 250°C; 
its shrinkage is observed (fig. 5). The heating of concrete with magnesite 
cement to 500°C leads to an expansion of up to 0.2 percent, but further heating 
to 720°C produces no changes. For concrete with expanding cement, expansion 
takes place at a temperature above 250°C and ceases at 500°C; at 650°C it is 
replaced by shrinkage up to 0.3 percent. 


Thus for serpentine concrete which uses expanding and magnesite cements, 
expansion is characteristic only in the temperature interval from 500 to 650°C: 
at other temperatures (100-150 and 650°C) shrinkage is characteristic. 


Serpentine concrete with Portland and aluminous cements, when heated to 
500°C, has the same value of expansion (0.2 percent); as the temperature is 
raised, concrete with aluminous cement continues to expand up to 0.4 percent, 
while at a temperature above 680°C the dimensions of the samples begins to de- 
crease. Concrete with Portland cement contracts sharply when heated to tem- 
peratures greater than 680°C. The relative linear deformation due to shrinkage 
reaches 0.2 percent. 
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Figure 5. Relative linear deformation of serpentine concrete 
containing different cements: 1, expanding cement; 2, Port- 
land cement; 3, magnesite cement; 4, aluminous cement. 


Tt should be pointed out that compared with other special cements (con- 
taining metallic scrap, hematite, datolite, granite) serpentine cement has the 
smallest coefficient of expansion and relative linear deformation (table 5). 
Experiments on the investigation of high temperature effects on the shrinkage 
of serpentine concrete have shown that when a temperature increasing from 200 
to 600°C is produced periodically, the shrinkage of concrete increases from 0.3 
to 0.78 percent. In this case, after } hr of heating to 300°C and cooling to- 
gether with the furnace, the shrinkage was 0.32 percent. 


The heat conductivity of serpentine concrete at temperatures of 140, 200 
and 340°C was 0.88, 0.84 and 0.66 kcal/m-hr-deg, respectively. [344 


According to data presented in reference 1, the linear shrinkage of ser- 
pentine concrete after interrupted heating for a period of 1 hr at temperatures 
of 150 and 260°C and slow cooling to room temperature is 0.051-0.126 percent, 
and the volumetric shrinkage is 0.164-0.290 percent. 


TABLE 5. COEFFICIENTS OF EXPANSION AND RELATIVE LINEAR DEFORMATION 
FOR CONCRETE WITH SERPENTINE FILLER. 


Coefficient of linear expansion | Coefficient of relative linear 


Cement type at temperatures deformation (%) at temperatures 


up to 300°C /300-600°C} 600-800°C | up to 300°C |300-600°C!} 600-800°C 


Portland 41h 41 1.3 0.07 0.19 0.074 
Aluminous 2.9 eed 3.8 O05 0.2 0.25 
Expanding -2.4 -0.91 -1.3 -0.04 -0.03 -0.1 
Magnesite -1.75 2.57 2.56 -0.02 0.12 1.28 
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The Detroit Edison Company (ref. 2) has testd¢d serpentine concrete for 
expansion and shrinkage (the standard consisted of stainless steel). Ata 
temperature of 100°C the coefficient of expansion of concrete and of steel 
turned out to be the same. However, at higher temperatures the coefficient of 
expansion of concrete is unstable. When the temperature is raised from 100 to 
150°C, the concrete expands faster than stainless steel, but in the tempera- 
ture interval 150-250° C concrete contracts and then ryon 260 to 340°C it again 
begins to expand. At a temperature above 340°C, the process of concrete com- 
pression takes place. A secondary heating of the concrete leads only to its 
shrinkage. After two cycles of heating and cooling at different temperatures 
there is a constant linear shrinkage of concrete of the order of 0.05 percent. 


Investigations have shown that concrete with serpentine fillers may be 
used to construct shielding to be used at temperatures to 500°C 
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